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A COMPOSITION AND METHOD FOR THE ENHANCEMEJgi. 
OF THE EFFICACY OF DRUG S 

" / 

FIELD OF THE INVENTION 

— "T — : — " ?TT7T/-. *-..r*;> - 

5 - - The present invention relates to the enhancement 

*v ar*-v; u'^vtou r f: r f -.«.*: j. "suoc v-o.a.': - *: . - ?-■. 
of the efficacy of drugs, and more particularly, with 

■ -rr. - _ • ;jj •? or .r / • 

overcoming the resistance of cells or. organisms to drugs. 

BACKGROUND TO THE INVENTION 

10 The clinical usefulness of any chemo therapeutic 

agent or drug can be severely affected by the emergence of 
cellular resistance to that drug. Accordingly, a 
significant amdunt of research has been conducted in an 
attempt to elucidate the cellular mechanisms involved with 

15 resistance to drugs, as well as methods for overcoming such 
resistance. To date a number of putative cellular 
mechanisms involved in drug resistance have been proposed. 
These include : 

(i) altered metabolism of the drugs, which could 
20 include decreased activation • or increased deactivation ; 

(ii) impermeability of the target cell or 
organism to the active compound; 

(iii) altered specificity of an inhibited enzyme; 

(iv) increased production of a target molecule; 
25 (v) increased repair of cytotoxic lesions; and 

(vi) bypassing of an inhibited reaction by 
alternative biochemical pathways. 

The cellular mechanisms involved in drug 
resistance are complex, and consequently there has been 
30 little progress in the development of generally applicable 
methods for overcoming drug resistance problems. A further 
complicating factor is that while drug resistance is a 
problem associated with nearly all chemo therapeutic 
applications, it is more often associated with diseases 
35 which require on-going and prolonged treatment with a 
number of concurrent drugs. 

In cancer treatment, for example, impermeability 
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, of ,5. h ®. 5.^.f € f. ce ^| to the active compound is often 
observed^ Moreover^ i^ is;-of ten f oWTHaV resistance to 
one drug may confer' resistance to ; other biochemically 
distinct drugs. This has been .termed multidrug, resistance 
Drugs that are typically a f f ed t ed""by 'tfie mui Hi'drug^ 
resistance problem include doxorubicin, vincristine 
vinblastine, colchicine and actinomycin D. In at least 
some cases, multidrug' resistance is a complex phenotype 
that has been linked to a high level of expression of a 
cell membrane drug efflux transporter called "Mdrl protein, 
also known as P-glycoprotein . This membrane -pump" has 
broad specificity, and acts to remove from the cell a wide 
variety of chemically unrelated toxins (see Endicott et 
al. , 1989) . 

_ 15 Recently, a similar mechanism of broad-spectrum 

jg drug resistance has been reported for certain 

| microorganisms. These results indicate the existence of 

m bacterial efflux systems of extremely broad substrate 

| specificity that are similar to the multidrug resistance 

p 20 pump of mammalian cells (see Nikaido, 1993). 

7 Substances which reverse multidrug resistance are 

□ known as resistance modification agents (RMAs) , and are of 

g importance in potentiating the cytotoxicity of 

y chemotherapeutic agents to which a human cancer has become 

u 25 resistant. Although many agents have been identified as 
RMAs in vitro, a large proportion of these have little or 
no therapeutic potential because of high toxicity in vivo 
at the doses required to reverse multidrug resistance. For 
example, metabolic poisons, such as azide, are able to 
reverse multidrug resistance in vitro, but have no 
usefulness in vivo. Most other highly effective RMAs, such 
as PSC833, appear to work as competitive antagonists of a 
drug-binding site on the Mdrl protein. Many of these agents 
also have toxicity that limits their usefulness in vivo. 
Consequently, there is a need to develop alternate 
pharmacological strategies for reversing multidrug 
resistance . 
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In- an attempt to overcome poor tumour . uptake of 
anti-neoplastic drugs and reduce systemic toxicity f (Singh 
et al->v 1991) r investigators have attempted to!target anti- 
neoplastic .drugs ^such as methotrexate (MTX) to;j thendocation 
5 of malignant s t is sue. -^Several studies, haver- already -r' J 

attempted to target chemotherapeutic agents to tumours by 
linking .drugs to polymers selected for their affinity to 
tumours (Hudecz et al . , 1993 ; Klein et al., 1994; Akima et 
al., 1996). However, while . these polymers may help to 
10 deliver active agents to their target tissues, they do not 
necessarily overcome the drug resistance problem. 

One polymer which has been proposed as a tumour 
targeting agent is hyaluronan (HA) . HA, also known as 
_ hyaluronic acid, is a naturally occurring polysaccharide 
j§5 comprising linear-chain polymers, which is found 

ubiquitously throughout the animal kingdom. HA is highly 
water-soluble, making it an ideal drug delivery vehicle for 
biological systems . 

The applicants have now surprisingly found that 
20 * HA exhibits unique structural and physicochemical 
% properties which not only enhance its usefulness as a drug 
^ carrier, but also aid in overcoming drug resistance. In 
^ high concentrations of ~lg/L, HA adopts a stiffened random 
y coil configuration that occupies an exceptional volume 
25 relative to molecule mass (Laurent, 1970) , and at this 
level or below, it forms loose links to macromolecular 
networks (Figure 1) . While not wishing to be bound by any 
particular theory, we consider that, based on the physical 
characteristics of HA, the mechanism of interaction between 
30 polysaccharide and agents such as methotrexate, may take 
one or both of two forms : 

(i) Chemical Interaction (Figure 2A) . 
Ionic bonding could occur between the MTX amine 
groups and the HA carboxyl groups, but such an interaction 
35 could cause precipitation. Another possible interaction is 
via hydrogen bonding between available amine groups on the 
drug and hydroxyl groups of the HA, but this is unlikely 
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because methotrexate is relatively insoluble in water; 
-therefore if this were to occur it would be a very weak 
interaction. The most likely bonding between MTX and HA 
would be via hydrophobic interactions J betwee : n : MTX ' s 
^.numerous- hydrophobic -groups and Ch e hydropho'b^c 'patches i n 

the^.secohdaryi structure 6f^HA c, '('Scot"t "^et -al r/^19'89 )'. f * 
. -J.-.7.V ' (ii) Molecular Association'. y - '-»-" '■ ~ f : T ~'v - 

; : Where MTX is merely "mixed" -in HA gel ' (Figure 2B) 
with no specific chemical bond formation/ MTX could become 
entrapped within the 3 -dimensional meshwork formed by 
higher concentrations of HA (Mikelsaar and Scott, 1994) 
that the drug simply diffuses from the HA after 
administration. If HA is rapidly taken up and bound by 
specific cell receptors, the drug will be released in 
higher concentration at these points eg. lymph nodes, 
liver, bone marrow, tumour cells with HA receptors. 

While again not wishing to be bound by any 
particular theory, one mechanism by which HA helps to 
target active agents may be via the characteristic over- 
expression of HA receptors in several tumour types 
(Stamenkovic et al . , 1991; Wang et al. , 1998). The HA 
receptors CD44, Receptor for Hyaluronan Mediated Motility 
(RHAMM) and ICAM-1, have been linked to tumour genesis 
CBartolazzi et al., 1994) and progression (Giinthert 1993; 
Arch et al., 1992). RHAMM is a major factor ih mediating 
tumour cell motility and invasion (Hardwick et al . , 1992) . 
It has been demonstrated that RHAMM is required for H-ras 
transformation of fibroblasts (Hall et al., 1995), which 
would make this receptor a potential participant in tumour 
formation and growth. ICAM-1, a receptor tentatively linked 
to HA metabolism (McCourt et al . , 1994), is highly 
expressed in transformed tissues such as mouse mastocytomas 
(Gustafson et al . , 1995a) and in the stroma and clusters of 
tumour cells of human breast carcinomas (Ogawa et al 
1998) . 

Increased expression of HA receptors on tumour 
cells provides a rationale for attempting the incorporation 
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of HA into chemotheirapeutic treatment regimens. However, 
the very limited data obtained to date actual l^jteach away 
from the presently claimed process . For .example v limited 
success has been obtained by_ ch<^ically ri c^ HA to 

1 5 ^~ mitomycin C. and epirubicin; investigators were able^ to 

inhibit colon carcinoma growth by _ 0 . 8-25% v , (Akxma et al . , 
1996) V Klein and colleagues (1994) reported an. increased 
uptake of the drug into implanted rat mammary and .Fischer 
bladder carcinomas was achieved by merely mixing HA with 5- 
10 FU. Mouse mastocytomas were also demonstrated to have an 
affinity for intravenously-injected HA (Gustafson et a J . , 
1995b) . 

However, while some of the HA research has shown 
that HA can be used as a drug carrier, none of this 
15 research has shown that HA is capable of overcoming 
cellular resistance to drugs. 



SUMMARY OF THE INVENTION 

The present invention provides a method for 
20 enhancing the effectiveness of a cytotoxic or anti- 
neoplastic agent, comprising the step of co-administering 
said agent with hyaluronan, wherein co-administration with 
hyaluronan enhances the agent's cancer cell-killing 
potential . 

25 Typically, co-administration of a cytotoxic or 

anti-neoplastic agent with hyaluronan enhances its cancer 
cell-killing potential. That is, cancer cells that are 
normally resistant to the drug become susceptible to it. 

Preferably, the agent is methotrexate, paclitaxel 
3 0 (taxol) or 5-f luorouracil (5-FU) . 

According to a second aspect of the present 
invention there is provided a cytotoxic or anti-neoplastic ^ 
pharmaceutical composition comprising hyaluronan and a 
cytotoxic or axiti-neoplastic agent. Optionally, 
35 conventional pharmaceutical adjuncts may be included in the 
pharmaceutical composition . 

Typically said drug is entrained within or bound 
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to hyaluronan. 

' '"According" to "a tiiird'aspect 'of the' present 
invention "there is provided a method of enhancing the 
effectiveness of a cytotoxic or anti-neoplastic agent, 
-5 ^compr^^irig' thV step ; '6f a^i^iitr^lon of a pharmaceutical 
coinp^sltlon^eoroprisi'hg ' hyaiurona^'^d^'said agent. Jx " 

While' not wishing -'to "be " bound' by .theory^ it is 
/ " believed •possible : mechanisms "for overcdming; drug resistance 
are:" • '' • -• •'• ' " '• - : • r:----. 

10 1 - Hyaluronan binds to receptors on the resistant 

cell or enters the cell via bulk endocytosis, resulting in 
the entrained or bound agent being delivered into the cell, 
; allowing it to become therapeutically active. 

2. Hyaluronan binds to the surface of the resistant 

15 cell, where the entrained or bound agent diffuses from the 
m hyaluronan meshwork into the cell, resulting in the agent 

g being delivered to the resistant cell. 

J 3 ' Hyaluronan and other mucopolysaccharides adopt a 

ffi coiled configuration that entrains the agent, and may also ' 

□ 20 bind a variety of agents. 

^ Accordingly in a fourth aspect, the present 

□ invention provides a method of reducing or overcoming drug- 
to resistance, comprising the step of co-administering a 

Ld cytotoxic or anti-neoplastic agent with a 

O 25 mucopolysaccharide capable of entraining and/or binding 

,w said agent and capable of binding to receptors on the 

resistant cell or entering the cell via bulk endocytosis, 
wherein said agent is delivered into the cell, thereby 
allowing it to become therapeutically active. 

While not wishing to be bound by theory, it may 
also be that a combination of hyaluronan with a drug 
results in the drug being retained in the cell for a longer 
period, allowing a prolonged release and more time for the 
drug to exert its pharmacological effect. 

Accordingly, in the fifth aspect of the present 
invention there is provided a method for enhancing the 
effectiveness of a drug, comprising the step of co- 
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administering said drug with a . mucopolysaccharide which 
associates with said drug in such a manner that said drug 
is retained in the cell for a .longer period .than if said 
drug were administered alone. ,.Fqr example ,,.vhere the dxug 
5 is a cytotoxic drug, the drug will be retained in the cell 
for a longer period, .allowing. ,a prolpnged^r.elease and more 
time to exert its toxic "ef f ects . 

According to a sixth aspect of the present 
invention there is provided a method for the treatment of a 
10 drug-resistant disease, comprising the step of co- 
administering hyaluronan and a drug to a patient in need of 
such treatment . 

In one embodiment, this aspect of the invention 
provides a method for the treatment of a drug resistant 
^15 disease, comprising the step of administering a composition 
comprising hyaluronan and a drug to a patient in need of 
such treatment . 

In particular, the method for treatment of a drug 
resistant disease is applicable to a patient with a drug 
ho resistant cancer. Preferably, the cancer is resistant to 
methotrexate or 5-FU. 

More preferably, said drug resistance is 
multidrug resistance. 

According to an seventh aspect of the present 
25 invention there is provided a method for the treatment of 
cancer, comprising the step of co-administering a drug and 
a mucopolysaccharide capable of entraining or binding said 
drug and/or associating with said drug in such a manner 
that said drug is retained in a cancer cell for a longer 
30 period than if said drug were administered alone. 

According to an eighth aspect of the present 
invention there is provided a method for the reduction of 
gastrointestinal toxicity of a drug, comprising the step of 
co -administering a drug and a mucopolysaccharide capable of 
3 5 entraining or binding said drug and/or associating with 
said drug in such a manner that said drug has reduced 
gastrointestinal toxicity . 



WO 00/41730 



- 8 - 



PCT/AU00/O00(ft 



Throughout the description and claims of this 
- specification,'' the Word *cbmpf£s%" and' variations" 1 of the 
word, such as "comprising" arid ""comprises'", means 
"including but not limited to " and is. not intended to 
exclude other 'additives/ compbne^esl integers- or steps . 

BRIEF DESCRIPTION OF THE'ViGORES ,fcC ' t, - f " , -" vi c ~ 

Figure 1 shows that iri^higher concentrations HA 
forms a three-dimensional meshwbfk" which is capable of 
entraining small molecules such as methotrexate. The 
HA/drug targeting of pathological sites is accomplished by 
the HA rapidly binding to specific cell receptors, followed 
by diffusion of the drug from the HA, and/or co- 
internalization of both the HA and drug via HA and/or drug 
receptors . 

Figure 2A shows the possible molecular 
interactions between methotrexate and HA. These include (i) 
ionic bonding, (ii) hydrogen bonding or (iii) hydrophobic 
bonding . 

Figure 2B is a diagrammatic representation of the 
entanglement of methotrexate in HA. At higher 
concentrations HA forms a 3 -dimensional meshwork which is 
represented by the large coiled molecule. (*) represents 
the methotrexate which has a molecular weight of only 454D, 
and is easily entrained in the 400-900 kD HA molecule. 

Figure 3 shows the general pathology of human 
breast cancer tumours grown in nude mice. Panel A shows the 
general morphology of a grade II-III human tumour. Panel B 
shows a micrograph of another section of the tumour 
exhibited in Figure 3A. This section shows the surrounding 
mouse muscle (M) , tumour capsule (C) , necrotic areas of the 
tumour (N), infiltrating tumour (T) and (-») indicates a 
common phenomenon known as "Indian files", in which 
carcinoma cells line up in files which are often associated 
with an infiltrating carcinoma (Carter, 1990) . 

Figure 4 shows the classical pathological 
features of breast malignancy. Panel A shows a section of 
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characteristic infiltrating duct carcinoma with large areas 
of necrosis (N) , indicating . the more , aggressive course of 
the tumour. Panel B shows the presence .of f blood. cells (-^) , 
demonstrating that the tumour ^.is vascularized and therefore 
5 vicibie. In close proximity to the blood .vessel there are a 
few observed . ducts v (D) . c Pan^l,_C r shows ^cel Is , labelled as 
(A) * undergoing , apoptosis , .as indicated by the nuclear 
fragmentation. 

Figure 5 shows the. immunohistochemical 

10 identification of HA receptors on the human breast cancer 
tumours grown in nude mice. Panel A shows carcinoembryonic 
antigen (CEA) localisation in tumour. Panel B shows RHAMM 
expression on human breast carcinoma. Panel C shows ICAM-1 
expression on human breast carcinoma. The localisation of 

15 HA receptor, ICAM-1 is primarily around endothelial tissue 
. Panel D shows CD44 expression on human breast 
carcinoma. CD44H was detected on approximately 95% of the 
tumour cells. H: cells of human origin; M: cells of murine 
origin . 

20 Figure 6 shows the results of molecular weight 

analysis of hyaluronan used as a carrier for the 

methotrexate targeting of tumours. 

Figure 7 shows methotrexate targeting of human 

breast cancer tumours, using HA as a carrier. 
25 Figure 8 shows enhanced uptake of methotrexate in 

the liver in the presence of HA. 

Figure 9 shows reduced uptake of methotrexate in 

the gastrointestinal tract when drug is administered with 

HA. 

3 0 Figure 10 shows a diagrammatic representation of 

possible physical interactions between MTX/HA and 
subsequent tumour targeting abilities of the drug/HA 
combination therapy. 

Figure 11 shows the cytotoxic synergistic in 
35 vitro effect of combining HA with 5-FU. 

Figure 12 shows 5-FU targeting of human breast 
cancer tumours using HA as a carrier. 
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Figure 13 shows elimination pathways of HA in 

' • - A Vumans^ , r p • " - - '• • - i .. . 

'"""'Figure 14 shows increased uptake of 5-FU in the 
stomach, brain and lungs. "* 

5 J "' ~ "*'** ^Figure -IS shows the effect of HA on the""' "" 
ns Pharmacbkfnetxcs elimination of plasma 5-FU. ' * ' " " 
f , bstls^f. <%i^re rv ll5 / ^hW : 'th"e criteria : f of definition of 
'-experimental end-point. ^Criteria 2 (Panel A) and Criteria 
3 (Panel B) are shown. 

Figure 17 shows the efficacy of 5-FU/HA adjuvant 
therapy (6 week treatment regimen): Effect on primary 
tumour volume. 

Figure 18 shows the efficacy of 5-FU/HA adjuvant 
therapy (6 week treatment regimen): Effect on body mass. 

Figure 19 shows the efficacy of 5-FU/HA adjuvant 
therapy (6 week treatment regimen) .- Effect on spread of 
cancer lymph nodes and formation of new tumours. 

Figure 2 0 shows the general appearance of tumours 
of the 6 month efficacy study. 

Figure 21 shows the effect of • HA/ 5-FU adjuvant 
therapy on patient survival. 

Figure 22 shows the % change in body mass in mice 
treated with CMF/HA therapy over a 6-week period. 

Figure 23 shows the % change in tumour volume in 
mice treated with CMF/HA therapy over a 6-week period. 

Figure 24 shows the X H NMR spectrum of the MTX 
dissolved in H 2 0. This spectrum readily identifies each 
group of hydrogens in the MTX. 

Figure 25 shows the possible interactions of MTX 

with HA. 

Figure 26 shows the 600 MHz spectrum of 
hyaluronic acid at 600 MHz and 298 K. 

Figure 27 shows the 600 MHz X H NMR spectrum of 
MTX alone and MTX with increasing additions of HA (50 kDa) 
of 2 nmoles, 10 nmoles, 2 0 nmoles and 80 nmoles at 298 K. 

Figure 28 shows the 600 MHz *H NMR spectra of 5- 
FU and 5-FU (1.25 mg/mL, 1.6 mg/mL and 6.4 mg/mL) with HA 
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(750 kDa, 3 mg/mL) between 70 . 0 and 8 . 5 ppm, at 298 K. 
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BSA 

Ci 

CMF 

Cyc 

DNA 

Dpm 

DTTP 

ECM 

EDTA 

ELISA 

FCS 

5-FU 

GAG 

GlcNAc 

GlcUA 

HA 

HABP 

HAase 

HBSS 

HRP 

h 

K av 
1 

min 
PBS 
PM 

RHAMM 
RMCa 
RNA 
RT 

S -phase 

S.D. 

SEM 



Bovine serxim albumin 



Curies 



Cyclophosphamide , ■ Methotrexate , and 5-Fluorouacil 
Cyclophosphamide.. f> 
Deoxyribonucleic, acid - , >- 
Deteriorations per minute 
Deoxythymidine triphosphate 
Extracellular matrix 
Ethyl enediaminetetraacetic acid 
Enzyme linked immunosorbent assay 
Foetal calf serum 
5 - f luor ourac i 1 
Glycosaminoglycan 
itf-acetyl glucosamine 
Glucuronic acid 
Hyaluronan/Hyaluronic acid 
Hyaluronan binding protein 
Hyaluronidase 

Hanks balanced salt solution 
Horse radical peroxidase 
hour 

available volume of distribution within the gel 

Litre 

minute 

Phosphate buffered saline 
Plasma membrane 

Receptor for HA-mediated motility 
Rat mammary carcinoma 
Ribonucleic acid 
Room temperature 
Synthesis phase 
Standard deviation 
Standard error of the mean 
volume of elution 
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V o void volume 

V-. :': ^ 'rtotal volume : 
TGD Tumour growth delay 

TDT Tumour Doubling Ti : . ..- : 

DETAILED DESCRIPTION OF THE INVENT JON ^ " ' J 

-:. f .r~-? b.The^invehtion s 'WilT r now be fu'rtheir described by 
way of reference only to the following non-limiting 
examples. It should be understood, however, that the 
examples following are illustrative only, and should not be 
taken in any way as a restriction on the generality of the 
invention described above. In particular, while the 
invention is described in detail in relation to cancer, it 
will be clearly understood that the findings herein are not 
limited to treatment of cancer. For example, cytotoxic 
agents may be used for treatment of other conditions; 
methotrexate is widely used for treatment of severe 
rheumatoid arthritis. 

20 Example 1 Validation Of Human Breast Cancer Tumours In 

Nude Mice And Identification Of Hyaluronan 
Recepto rs On The Breast Tumours In Sxtu 

To establish an appropriate animal model for 
human breast cancer, it was necessary to perform 
pathological testing. For a tumour to be physiologically 
viable neovascularization is essential, because the 
capillary network supplies nutrients to the tumour. The 
presence of vascularisation, ductal invasion, necrosis, 
apoptosis, a high mitotic index and nuclear abnormalities 
are all characteristic of breast carcinoma. 

The human breast carcinoma cell line MDA-MB-468 
(American Tissue Culture Collection, Rockville, U.S. A) was 
selected on the basis of its expression of the HA 
receptors, CD44, RHAMM and ICAM-1 . Cells were routinely 
35 grown and subcultured as a monolayer in 175cm 2 culture 
flasks in Leibovitz L-15 Medium supplemented with 10% 
foetal calf serum (FCS) and lOug/ml gentamicin. For 
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" * : injection intb mice cells were grown to 100% confluency, 
trypsinised iri 0.05% trypsin/0.01% EDTA solution, washed 
twice by centrif ugation in a Beckman TJ-6 bench centrifuge 
(Beckman, Australia) at 400gav for lOmin, counted using _a 
5 v Modei-ZM ^Coulter counter (Coulter Electronics, England), 
"r. "and resusperided in serum- free Leibovitz L- 15 medium at 1 x 
10 8 Vell/mlY"* ^ - 

v ' " ' v -' 85 athjymic Balb/c/WEHI nude female mice (Walter 
and Eliza Hall Institute of Medical Research, Melbourne, 

10 Australia) , 6 to 8 weeks old, were maintained under 

specific pathogen-free conditions, with sterilised food and 
water available ad libitum. Ten million "MDA-MB 468 cells 
were prepared as described above, and directly injected 
into the fat pad under the nipple of each mouse. Tumour 

15 growth was observed in 96% of mice. When the tumour growth 
was visually detectable, the tumour progression was 
monitored by weekly measurements of the tumour volume. 
Tumour volumes were calculated from 3 perpendicular 
diameters using the equation; 

20 

V={l/6)p(did2d3) 



V is tumour volume (in mm 3 *' 

di is the first diameter of the tumour (in mm) , 
d2 is the second diameter of the tumour (in mm) , 

d3 is the third diameter of the tumour (in mm) 
(Lamszus et al, 1997) . 

3 0 Eight weeks after tumour inoculation the mean tumour size 

was 482.2 mm 3 (SEM, 39.8 mm 3 ). 

Approximately 8 weeks after tumour induction two 

tumour -bearing mice were given a lethal dose of Nembutal. 

Within 3min of killing the mice, tumours were surgically 
3 5 removed and immediately fixed in 10% buffered formalin for 

12 hours. The fixed tumour was dehydrated overnight in a 

series of 70-100% ethanol washes, followed by paraffin 
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embedding from which 2 -4pm sections were cut .J : The .sections 
were placed on slides, dei/axedr and brought .to "water. 
Slides were washed 3x5min in phosphate -buffered saline 
(PBS) V Heterophils proteins^ were blocked. by incubation 
with 10% foetal calf serum' for"; lpmin, . followeVby a PBS 
rinse . The detection antibpdieV were appl'ied 'f or Vomin at 
room temperature (RT) . The antisera or antibodies were 
directed against RHAMM (Applied Bioligands Corporation 
(Manitoba, Canada), ICAM-1, CD44v6, CD44vlO, total CD44H 
and CAE. All other detection antibodies were purchased from 
Zymed (California, U.S. A) . The slides were washed SxSmin 
m PBS and endogenous peroxidase activity blocked by 
immersion in 0.3%H 2 O 2 / methanol for 20min. Following a 
further PBS wash, peroxidase-conjugated pig anti-rabbit 
secondary antiserum (Dako, Denmark) was applied for 60min 
at RT, followed by 3x5min wash in PBS . Sigma Fast DAB 
<3,3'-Diaminobenzidine, Sigma, St. Louis, U.S. A) tablets 
were prepared according to the manufacturer's instructions 
and the DAB solution was applied for 5-10min at RT. The 
slides were washed in tap water for.lOmin, counterstained 
with haematoxylin, dehydrated and mounted. 

Examination of the haematoxylin and eosin-stained 
breast tumour sections demonstrated all of the usual 
features associated with viable tumours, as shown in 
Figures 3 and 4, confirming that the animal host 
successfully maintained a grade II human breast carcinoma. 
There are several features which are characteristic of 
malignancy. The section of the slides labelled (B) 
displays these features. All of the pathological features 
of malignancy observed are in section (B) , ie 

i) high nuclear/cytoplasmic ratios 

ii) angular chromatin and nucleoli 

iii) irregular nuclear membrane 

It was concluded that a grade II-III level tumour 
was capable of being supported in the nude mouse model. A 
grade II-III level tumour generally gives a prognostic 
survival rate of about 47% (Bloom and Richardson, 1957). a 
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grade II-III level tumour -is:;eharacterised^by^ 

i) moderate nuclear pleomorphism, 
hyper chroma tin, .and mitotic activity,, features observed 
throughout the displayed sect ;ionL of. tumour;/ and 
5 ii) little or no duct formation. 

Large areas of necrosis (N) can be correlated- with the' 
tumour spread, which suggests a more aggressive invasive 
course (Carter, 1990). The infiltrating edge of the tumour 
is indicated by ( ) . 

10 A major aim of this experiment was validation 

that the histological and cytological behaviour of the 
tumours established in these mice were comparable to those 
of such tumours in their natural human hosts . In achieving 
this aim we have also shown that the tumour cells in the 

15 mice are of human origin and that they express highly 
relevant HA receptors such as RHAMM, CD44 and putative 
ICAM-1. Since it was hypothesised that tumour targeting 
could occur via receptor-mediated internalisation or 
binding, it was necessary to confirm the expression of HA 

20 receptors, ICAM-1 / CD44 and RHAMM. Figures 5B-D 

demonstrates that all these receptors were present. Table 
1 lists the degree of receptor expression on the two 
tumours tested. 
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Table 18 Expression Of Hyalu ronan Recen tors 
Breast- Tumour iXenocj±»a£ t's^' 



L0 



The rating index f or :the percentage of epitope expression 
on the tumour, -„wasn quant itat'ed ir as : ■ . 1 



0% 

1-25% 
26-50% 
51-75% 
76-100% 

HA 
receptor 

CD44H 



CD44v6 



CD44v3 



RHAMM 



ICAM-1 



+ + + 

+ + 4-H- 

Function 



Isoform which 
predominantly binds and 
internalises HA (Culty et 
al. , 1992) 

Role in cancer unknown, 
but is often used as a 
prognostic factor. The 
higher the expression, 
the lower the survival 
pr obabi 1 i ty ( Fr i edr i chs 
et al. , 1995) 



Often over-expressed in 
breast carcinoma 
(Friedrichs et al . , 1995) 



Required for 

transformation and tumour 
cell invasion (Hall et 
al., 1995) 



Binds and internalises 
HA, putative metabolic 
receptor (McCourt et al . , 
1994) 



Distribution on tumour 



Expressed on ail cells 
with exception of some 
stromal cells 



Groups of infiltrating 
tumour cells, with high 
expression on cells 
surrounding necrotic 
areas 



Present on stromal 
cells 



% epitope 
expression 
o n tumo ur 



++ + 



CEA 



A fetal antigen expressed 
on malignant cells 
Haskell , 1990) 



Present on all tumour 
cells 



++++ 
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The human origin of .the ; tuinour. cells ,was. A 
"confirmed by staining the tumour and surrounding tissue 
with a human-specific cancer marker. The presence of CEA 

clearly demonstrated that the tumour was human/ ;While being 

" r n^ * • \ ~ * *' •* - .* -* * oj - -* ^ ■ 

5 maintained by the cardiovascular .system of the ,murine host 

(Figure 5A) 7 The polyclonal CEA f antisera^was selected, 

since it reacts exclusively .with human CEA. This 

micrograph demonstrates that the tumour was entirely of 

human origin (H)., as shown by the brown staining. The 

10 surrounding tumour capsule and adipose tissue is definitely 
of mouse origin, as indicated by the lack of staining with 
the antisera (M) . The brown staining demonstrates the high 
expression of RHAMM on the tumour cells. -The greatest 
intensity of staining can be noted on the areas surrounding 

15 tissue necrosis and tumour infiltration. 



Ey^^ple 2 Preparat ion And Injection Of Methotrexate/ 

Hyaluronan Drug Combinations 

Having established the usefulness of the nude 

20 mouse model, it could now be used to test the effectiveness 
of a. HA/MTX preparation. 

A stock solution of MTX was prepared by 
dissolving powdered MTX in 0.5%w/v sodium carbonate (pH 9), 
and brought to a concentration of 24.5mg/ml with 0.9%w/v 

25 NaCl. The stock solution was filtered through a 0.22pm 
filter to ensure sterility before addition of 
[ 3 H] methotrexate and dilution to injection concentration 
with injection-grade sodium chloride. Comparative data on 
the pharmacokinetics of MTX have already been published for 

30 the nude mouse and humans (Inaba et al, 1988) , and were 
utilised in the design of this study, to simulate human 
therapeutic doses as closely as possible. Individual 
injections were prepared according to individual mouse body 
masses, with the aim of delivering 15mg/kg MTX in 50|il 

35 (equivalent to a human therapeutic dose of 0.42mg/kg for a 
mean body weight of 60kg; Inaba et al, 1988) . 

Desiccated HA (modal Mr 8.9xl0 5 k Da) was added to 
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10 



15 



3 POrti0r \ ° f 2 i- Sm9 /™\ ** TX , stock solution and dissolved 

overnight' -wieh^'vortexing^ to give a final concentration of 
21mg/ml. " To ensure sterility gentami'cin was added to a 
concentration of 50pg/ml and incubated overnight at 4©C. 
Following the^ addition of ' [3h] methotrexate the HA/MTX stock 
mixture was diluted to injection concentration with 
' inject ion" g^ade s'odiunf 'chloride'. injections were 
individually made according to mouse body masses, to 
deliver l5mg/kg MTX and 12.5mg/kg HA in 50ul. with this 
quantity of HA injected into the body, saturation kinetics 
would be observed for the period of the experiment (Fraser 
et al, 1983) . 

To ensure that the HA had maintained its 
molecular weight during the preparation of the 
methotrexate/HA injection mixture, the injection solution 
was analysed on a Sephacryl S-1000 size exclusion gel 
(Pharmacia, Uppsala, Sweden) with column specifications of 
1.6cm x 70cm, sample size 2ml, flow rate 18ml/h and 2ml 
fraction size. Figure 6 shows that HA retained its 
20 molecular weight during the mixing procedure. 

Mice were randomly divided into 2 ■ groups of 40 
animals. Group I received MTX only, and Group 2 received 
MTX/HA combination therapy. Animals were individually 
placed in an injection box, and the injections were 
25 administered via the tail vein. Tritiated methotrexate 

(mean injected disintegration's per minute (dpm) ± standard 
error of the mean (SEM) : 19,159,146 ± 1,336,819) contained 
within 15mg/kg MTX ± 12 . 5mg/kg HA was delivered in each 
injection. Mice were individually housed in soft, non- 
wettable plastic enclosures so urine could be collected. 
At 30min, Ih, 2h, 4h or 8h after injection mice were 
anaesthetised by 0.1ml intra-peritoneal injection of 
Nembutal (Glaxo, Australia Pty. Ltd., Melbourne, 
Australia) , and blood was collected from the heart or great 
vessels using a needle and syringe. After blood collection 
the animals were killed by cervical dislocation. 

Blood was delivered into EDTA-coated glass tubes 



30 



35 
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and plasma was prepared by centrif ugation at 14,000g av for 
lOmiri. Radioactivity was counted in 50ul aliquot' s after 
decolourisation with lOOyil of 30%v/v hydrogen peroxide and 
the addition of 3mV HiSafell scintillant. To overcome 
5 chemi- and photoluminescence, : samples were counted, for 2min 
in ~a* Wallac ^1410 fi-counter ? ve r a * 1 or 20 d Period, 
depending on the sample source. During the periods between 
counting, samples were stored in the dark at ambient 
temperature. All calculations were performed on stabilised 
10 samples from which all chemi- and photoluminescence had 
been removed. 

To determine the percentage of injected MTX in 
the plasma, it was necessary to calculate the total plasma 
volume of each mouse (ml), using the standard formula: 

15 

Mouse mass (g) x mouse blood volume (0.07) x plasma proportion of 

blood (0.59) 

The percentage of injected MTX in the plasma was then 
2 0 calculated : 

Plasma volume (ml) x dpm/ml plasma x 100 
total dpm injected 

25 = % injected MTX in plasma. 

To ensure an accurate quantitation of the amount 
of MTX delivered to the blood stream, the injection site on 
the tail vein was dissected and the MTX quantitated. The 
mean percentage of the MTX injection remaining at the 

30 injection site was 3,78% (SEM: 0.57%) . The amount of MTX 
delivered to the bloodstream (MTX available for 
distribution to the tissues and tumour) was calculated as: 

Amount of MTX Difference in Dpm/mg of Dpm remaining 

3 5 delivered to = mass of injection X injection - at injection 
bloodstream syringe (mg) material site 
(Dpm) 
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amount of ~MTX delivered to the bloodstream henceforth 
will be referred to as " the "injected dose". 
S- In ordertoma ke accurate comparisons between the 

5 . ''^fi^'j? °P ulation "and normalise slight' variations "in organ 
;f n ^, £ T 0,ir Asses'; "the concentration" of MTx ln 'the* body" 
Organs and tumour and body fluid was expressed as" % of 
injected dose/gram of tissue. 

The mean percentage of the MTX injection 

3 remaining at the injection site was 3.78% (SEM: 0.57%). T o 
normalise such variations, the percentage of dpm found in 
tumour and tissues was calculated as a percentage of the- 
dpm injected minus the dpm found remaining at the injection 
site. This amount is henceforth referred to as the 
available dpm or available methotrexate. The results are 
summarised in Table 2 . 
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No statistically significant difference was noted 
in the plasma levels of MTX. when "the drug was' co-injected 
with HA. The gross pharmacokinetics of MTX remained 
unalteredv with maximui|i MTX plasma 'levels reached within 
0.5; to 2h . following intravenous' 'administration (MIMS, 

; ; , ' ■ When . possible" urine "was collected from the non- 
wet table plastic enclosures; with fa "syringe and needle. The 
urine was cleared by centrif ugation" at 14,000^ av for 10 
min. Its radioactive content was measured after the 
addition of 3ml HiSafell scintillant to samples ranging 
from 8-30ul. Despite the technical difficulties in 
accurately quant i tat ing the volume of urine produced by 
each mouse we calculated the percentage of injected MTX 
dose in the urine by the following formula: 

time of collection (h) x 42ul x dpm/Ul urine x 100 
Total dpm injected 

= % of injected MTX in urine". 

It was not possible to collect urine from each 
mouse, because of variations in the micturition rate. When 
3 or more urine specimens were available per time point per 
treatment non-parametric statistical analysis of the data 
at those time points was performed. At one hour after 
administration there was 50% (p=0.043) more MTX in the 
urine of mice which received MTX/HA (see Table 2) . 

Immediately after killing the mouse the tumour, 
liver, heart, spleen, bladder, left and right kidneys, 
uterus, lungs, stomach, intestines, brain and lymph nodes 
were excised and analysed for total radioactivity. The 
total radioactivity in each tissue was determined by 
solubilising 100-400mg of tissue in 3-6ml of OptiSolv (ACC, 
Melbourne, Australia) for 36 h, 220 C . On completion of 
solubilisation, radioactivity in the tissue was counted 
after adding 10ml of HiSafelll scintillant. Again to 
overcome chemi- and photoluminescence, samples were counted 
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for 2min in a Wallac 1410 6-counter over a 3, 7 or. 20 d 
period depending on the sample source. During the periods 
between counting, samples were stored in the dark at 



. -* r. 



ambient temperature. All calculations were performed on 
5 stabilised samples from which all chemi- and 

photoluminescerice hacl been removed. Figures represent 
median ± SEM (n=8 ) . 

It was important to establish that metabolically 
active organs such as the liver, spleen and kidneys did not 

10 experience a high level of drug targeting which could 
counter-act any positive aspects of increased tumour 
targeting. Table 2 lists the methotrexate uptake of each 
tissue at the various time points tested. - 

Utilising the Mann -Whitney Rank Sum Test and 

15 Students x-test there was no statistically significant 

difference in MTX concentration/g tissue when MTX was co- 
injected with HA. Because of the small number of animals 
at each time point, the Mann-Whitney test became 
statistically invalid if one data point overlapped, but in 

20 the liver, uterus and intestine a definite trend could be 
observed. 

In the liver there appeared to be a short-term 
increase in the uptake of MTX when it was combined with HA, 
as shown in Figure 7 . 

25 At 30min and lh the liver contained a median 

increase in MTX concentration of 65% and 26% respectively. 
At 2h no difference was observed in the amount of MTX in 
the liver regardless of treatment. An interesting trend 
became apparent after 4h, when less MTX was found in the 

30 liver when it was co-injected with HA (4h: 68% less MTX and 
8h: 75% less MTX), as shown in Figure 8. 

There was a significant trend in the intestine, 
where the combination of HA and MTX resulted in a decreased 
uptake of the drug at every time point, as shown in Figure 

35 9. 

The intestine was fully homogenised, followed by 
solubilisation of approximately 400mg of tissue in 3 -6ml of 
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OptiSolv for 24h at 22°C . followed .by the .addition of 10ml 
Hisafe-3 scintillant. To overcome chenii^ and 
photoluminescence, samples were counted for 2min in a 
Wallac'1410 6-counter oyer a 3," 7 or 20 ..d period depending 
on the sample source'. During'*' the periods between counting, 
samples were s t bred Jin the dark ambient] temperature . 
All calculations were performed Vn stabilised 'samples where 
all chemi- and photoluminescence had been removed. 

The figures represent median ± SEM (n=8) . 
Analysing the data with the hon -parametric randomization 
test for matched pairs demonstrated that the co- 
administration of HA significantly reduced the excretion of 
drug into the GI tract (p=0.031, one-tailed test). 

The decrease in MTX concentration ranged from 43- 
67%. The non-parametric randomization test for matched 
pairs showed that the co-administration of HA significantly 
reduced the excretion of drug into the gastrointestinal 
tract (p=0.031, one-tailed test). 

In the lungs there was significantly less MTX 
present at 4h when co-administered with HA, with a median 
decrease of 52% (p=0.014). No differences were 
demonstrated at other time points, however, so that the 
significance of this observation remains uncertain. 

No observable trends were detected in the spleen, 
uterus, brain, heart, lymph nodes, stomach and kidneys. 

There are two possible mechanisms of HA targeting 
of methotrexate to tumour cells (Figure 10) . 

There was a significant targeting effect when HA 
was combined with MTX (Figure 7) . The greatest relative 
increase in tumour retention of drug was observed at 0 . 5h 
(mean 24% increase), lh (mean 30% increase) and 2h (mean 
119% increase) , whereas at 4h and 8h the increase was 
negligible. Because of the small population size and non- 
parametric distribution of the data the Mann-Whitney Rank 
Sum Test test was used, and revealed a significant increase 
in tumour uptake of drug when HA was co- injected. At lh 
the statistical significance was p=0.021 and at 2h, 
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; "p=0.050. The' other time points did not demonstrate a 

statistically significant difference,, but the trend in MTX 
coricentration/g of tumour was consistently greater when co- 
ihjected with HA" 
5 The data shown in Figure^ 7 unequivocally 

demonstrate that' co-administration with HA has greatly 
increased the uptake of MTX by the tumour within 30min 
after injection. Moreover, co-administration also sustains 
a distinctly higher level during the subsequent decay in 
0 the concentration of drug within the tumour. At Ih the 
difference was significant at p=0.021 (n x =8, n 2 =8), and 
at 2h when p=0.05 (n x =8, n 2 =8) as assessed by non- 
parametric tests. 

HA containing entrapped MTX binds to the 
.5 receptors (CD44 and/or I-CAM-1) and is internalised via 
rece ptor-mediated endocytosis, so releasing the drug into 
the tumour cell . 

The HA molecular mesh will act as an impediment 
to outward diffusion, so that after HA binds to receptors 
10* (CD 44, RHAMM and/or ICAM-1), the entrained MTX is able to 
diffuse into the tumour cells. While held at the surface of 
the cells by the HA matrix the MTX has increased 
avail ability to the active transport mechanism normally 
utilised for MTX transport into the underlying cell . 
25 The side-effects and the distribution of a drug 

to tissues other than the desired sites of activity can 
also be influenced by its association with HA. For 
example, HA is normally cleared from the bloodstream by 
receptor-mediated cellular uptake and catabolism in the 
30 liver (80-90%), kidneys (10%), spleen and bone marrow, with 
some minor species variation in the last two sites. As 
expected HA does seem to increase hepatic delivery of the 
drug at least for a short time. At 3 0min and lh the liver 
showed a median increase in MTX concentration of 65% and 
35 26% respectively. At 2h no difference was observed in the 
amount of MTX in the liver, regardless of treatment. An 
interesting trend became apparent after 4h, where less MTX 
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was found in the liver when it was co-injected with HA <4h- 
68% les-s.-MTX and 8h- 75% less MTX) . After intravenous 
administration MTX is widely distributed in body water, and 
can be retained in the liver for months (McEvoy, 1988) ; 
therefore the decreased median concentration of MTX in ' the 
liver at 4 and 8h when co- injected with HA could indicate 
an altered balance in the routes of pharmacokinetic 
clearance'/ Considering that HA is rapidly metabolised 
within the liver endothelial cells (LEC) it follows that 
MTX which is co-internalised with HA would be released 
within the liver sinusoidal lining cells, where it could 
either diffuse into hepatocytes to be secreted in the bile 
and subsequently the gastrointestinal tract, or be returned 
to the circulation for further distribution into body water 
and for urinary excretion, or both. 

There could be a therapeutic advantage of short- 
term hepatic-targeting. In the case of liver metastasis a 
rapid, high exposure to MTX could be beneficial, and since 
the observed targeting is only for lh this would counteract 
any long term toxicity problems. Liver targeting could be 
utilised with drugs which require bio-activation, eg 
mitomycin C, doxorubicin, where the drug /HA mixture would 
be targeted to the LEC. With the inactive drug concentrated 
in the LEC it would be able to diffuse into the hepatocytes 
for activation, thus acting as an activation targeting 
mechanism. 

One of the major sites of toxicity of MTX is the 
gastrointestinal tract. Co-administration of MTX with HA 
significantly diminished the amount of drug delivered to 
the GI tract. There may be several mechanisms associated 
with the decreased concentration of MTX in the gut. 

Methotrexate is a very small molecule, which one 
would expect normally to pass through most capillary walls, 
whereas association with HA would greatly reduce its 
passage through this route. 

Rapid degradation of HA in the liver endothelial 
cells resulted in a rapid release of MTX into the liver and 
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return to the bloodstream, where it would undergo increased 
renal clearance, as indicated at Ih, and which 50% more MTX 
was excreted in the urine of mice receiving MTX/HA 

'"* preparations • ^ . r . ov • \ . 

5 The main pathway f of ^ the final . elimination of MTX 

~ from the body is urinary excretion. Therejseems to be 
little increase in renal, content of the drug with HA, but 
we believe from other evidence that HA is taken up and 
catabolised very quickly by the kidneys, so that its 
10 residence time would be short and associated drug would be 
quickly released into the urine. 

Conclusion 

The results reported here represent the first 
15 stage of a pre-clinical study to examine the proposition 
that administration of therapeutic agents together with 
hyaluronan will achieve their selective delivery to the 
desired target of pathological tissue; thus achieving a 
higher and more effective concentration at that point. In 
20 this case methotrexate, a cytotoxic drug widely used in 
current treatment regimens for human mammary cancer and 
other human malignancies, and for rheumatoid arthritis, has 
been studied by the intravenous route of administration 
with and without hyaluronan. 
25 We have found that the nude mouse model is a 

particularly suitable model for the study of human breast 
cancer in a living host, and to resolve some fundamental 
matters in the use of HA to direct therapeutic agents to 
the sites of diseased tissue, and thus to enhance their 
30 beneficial effects- Our results have been achieved with a 
drug of small molecular weight that shows no specific form 
of association with HA, demonstrating that HA can still 
deliver such a drug in enhanced amounts to pathological 
tissue when injected into the bloodstream. This study 
35 demonstrates that in the conditions prevailing in the body, 
the MTX is sufficiently retained with HA to effect a 
significant enhancement of delivery to human breast cancer, 
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15 



20 



25 



30 



as well as potentially reducing the undesired side-effect 
of gastrointestinal toxicity. 



i. r 3i\. _ 



Example 3 Preparati on And IniWction Of Paclitaxel/ 

5 Hyaluronan Drug Combinations 

°," ' Having established the usefulness of the nude 

' mouse 5 model' for HA/Paclitaxei; it could How be used to test 
the effectiveness of other chemotherapeutics . it was 
•decided that, due to its therapeutic importance, paclitaxel 
10 (also known as taxol) would be used. 

Paclitaxel is isolated from the Western Yew, 
Taxus brevlfolla, (Wani et al 1971), and is clinically 
active against advanced ovarian and breast cancer (Rownisky 
et al 1990; McGuire et al 1989) and is currently undergoing 
clinical trials for treatment of a variety of other 
cancers. However the main problem associated with 
paclitaxel is its extreme lipophilicity and consequent poor 
aqueous solubility. Efforts to solve this problem have led 
to the synthesis of paclitaxel analogues and prodrugs along 
with extensive efforts to devise safe and biocompatible 
formulations. To date no prodrugs have shown sufficient 
stability, solubility or activity that would warrant 
clinical development (Mathew et al 1992; Vyas et al 1993) . 
However, semisynthetic taxanes are showing greater 
solubility and potency than paclitaxel (Bissery et a J 1991) 
and one form Taxotere has entered human trials (Bisset et 
al 1993) . 

The current clinical formulation of paclitaxel 
employed for intravenous delivery utilises ethanol and 
Cremophor EL in a 1:1 (v/v) ratio with the drug at 6 mg/mL. 
Cremophor EL is actually polyethoxylated castor oil; a 
clear, oily viscous, yellow surfactant. Stability studies 
have shown that the original formulation has a shelf-life 
of 5 years at 4°C. The preparation is diluted before use 
35 with 0.9% saline or 5% dextrose to concentrations of 0.3- 
1.2 mg/mL and the physical and chemical stability of the 
material in these conditions is ca. 27 h. However, 
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dilution of the vehicle to these levels can, t produce a 
supersaturated solution (Adams et al 1993) that may be 
prone to precipitation if used outside ( the established 
guidelines . Therefore an in-line filter is. required during 
5 administration as a safeguard against , the infusion of 
"particulates.. It is also recommended that diluted 
paclitaxei solutions be used within 24 h of preparation. 
Hazing of the above solutions has also been observed and 
has been attributed to the extraction of plasticisers by 
10 Cremophor from the infusion bags and tubing (Waugh et al 
1991). 

In addition to the problems of physical 
instability mentioned previously the most -significant 
problem with Cremophor is the fact that it is reported to 

15 have pharmacological activity. A variety of drugs are 
administered using Cremophor EL including cyclosporin, 
tacrolymus and teniposide. However, the dose of Cremophor 
EL given with paclitaxei is higher than with any other 
marketed drug. Cremophor has been observed to cause 

20 serious or fatal hypersensitivity episodes. Vehicle 

toxicity may also be largely responsible for fatal or life 
threatening anaphylactic reactions observed upon rapid 
infusion of paclitaxei into animals or humans (Dye & 
Watkins 1980; Lorenz et al 1977; Weiss et al 1990). 

25 A stock solution of paclitaxei is prepared by 

and individual injections are prepared according to 
individual mouse body masses . 

Desiccated HA (modal Mr 8.9xl0 5 k Da) is added to 
a portion of the 24.5mg/ml paclitaxei stock solution and 

30 dissolved overnight with vortexing, to give a final 

concentration of 21mg/ml. To ensure sterility gentarnicin 
is added to a concentration of 50ug/ml and incubated 
overnight at 4°C. Following the addition of [ 3 H] paclitaxei 
the HA/paclitaxel stock mixture is diluted to injection 

35 concentration with injection grade sodium chloride. 

Injections are individually made according to mouse body 
masses, to deliver 15mg/kg paclitaxei and 12.5mg/kg HA in 
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50ul- With this quantity of HA injected into the body, 
saturation kinetics would be observed "for 'the 'period of the 
experiment (Fraser et al, 1983). 

To ensure that the HA had maintained its 
molecular weight during the preparation of the " 
paclitaxel/HA injection mixture*, the injection solution is 
analysed on a Sephacryl S-1000 size exclusion gel 
(Pharmacia, Uppsala, Sweden) with column" specif ications of 
1.6cm x 70cm, sample size 2ml, flow rate 18ml /h and 2ml 
fraction size. Figure 4 shows that HA retained its 
molecular weight during the mixing procedure. 

Mice are randomly divided into 2 groups of 40 
animals. Group I received paclitaxel only, and Group 2 
receive paclitaxel/HA combination therapy : Animals are 
individually placed in an injection box, and the injections 
are administered via the tail vein. Tritiated paclitaxel 
(mean injected disintegration's per minute (dpm) ± standard 
error of the mean (SEM) : 19,159,146 ± 1,336,819) is 
delivered in each injection. Mice are individually housed 
in soft, non-wettable plastic enclosures so urine can be 
collected. At 30min, lh, 2h, 4h or'sh after injection mice 
are anaesthetised by 0.1ml intra-peritoneal injection of 
Nembutal (Glaxo, Australia Pty. Ltd. , Melbourne, 
Australia) , and blood is collected from the heart or great 
vessels using a needle and syringe. After blood collection 
the animals are killed by cervical dislocation. 

Blood is delivered into EDTA-coated glass tubes 
and plasma is prepared by centrifugation at 14,000g av for 
10 min. Radioactivity is counted in 50ul aliquots after 
decolourisation with 100m of 3 0%v/v hydrogen peroxide and 
the addition of 3ml HiSafell scintillant. To overcome 
chemi- and photoluminescence, samples are counted for 2min 
in a Wallac 1410 fi-counter over a 3, 7 or 20 d period, 
depending on the sample source. During the periods between 
counting, samples are stored in the dark at ambient 
temperature. All calculations are performed on stabilised 
samples from which all chemi- and photoluminescence had 
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been removed. ...... r . 

To determine the percentage of injected 
paclitaxel in the plasma, it is necessary to calculate the 
total plasma volume of each mouse (ml) , using the standard 
5 formula : . , 

Mouse mass (g) x mouse blood volume (0.07) x plasma proportion of 

blood (0.59) 

10 The percentage of injected paclitaxel. in the plasma is then 
calculated: 

Plasma volume (ml) x dpm/ml plasma x 100 
total dpm injected 

15 

= % injected paclitaxel in plasma. 

To ensure an accurate quantitation of the amount 
of paclitaxel delivered to the blood stream, the injection 
site on the tail vein is dissected and the paclitaxel 
20 quantitated. The mean percentage of the paclitaxel 
injection remaining at the injection site is. also 
determined. The amount of paclitaxel delivered to the 
bloodstream (paclitaxel available for distribution to the 
tissues and tumour) is calculated as: 

25 

Amount of paclitaxel Difference in 
delivered to = mass of injection X 
bloods t r earn syr inge ( mg ) 

(Dpm) 

30 

The amount of paclitaxel delivered to the bloodstream 
henceforth is referred to as the "injected dose". 

In order to make accurate comparisons between the 
sample population and normalise slight variations in organ 
35 and tumour masses, the concentration of paclitaxel in the 
body organs and tumour and body fluid is expressed as % of 
injected dose/gram of tissue. 



Dpm/mg of Dpm remaiming 

injection - at injection 
material site 
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10 



The mean percentage of the paclitaxel injection 
remaining at the injection site is calculated. To normalise 
such variations, the percentage of dpm found in tumour and 
tissues is calculated as a' percentage of the dpm injected 
minus the dpm found remaining at the injection site. This 
amount is referred to as the available dpm or available 
paclitaxel . 

When possible urine is collected from the non- 
wettable plastic . enclosures with a syringe and needle. The 
urine is cleared by centrif ugation at 14,000cr av for 10 min. 
Its radioactive content is measured after the addition of 
3ml HiSafell scintillant to samples ranging from 8-30ul. 

Immediately after killing the mouse the tumour, 
liver, heart, spleen, bladder, left and right kidneys, 
15 uterus, lungs, stomach, intestines, brain and lymph nodes 
are excised and analysed for total radioactivity. The 
total radioactivity in each tissue is determined by 
solubilising 100-400mg of tissue in 3 -6ml of OptiSolv (ACC, 
Melbourne, Australia) for 36 h, 22°C. On completion of 
solubilisation, radioactivity in the tissue is counted 
after adding 10ml of HiSafelll scintillant. Again to 
overcome chemi- and photoluminescence, samples are counted 
for 2min in a Wallac 1410 fc-counter over a 3, 7 or 20 d 
period depending on the sample source. During the periods 
between counting, samples are stored in the dark at ambient 
temperature. All calculations are performed on stabilised 
samples from which all chemi- and photoluminescence had 
been removed. 

30 Example 4 Use Of 5-Fluorouracil And HA 

Introduction 

5-Fluorouracil is (5-FU) an antimetabolite that 
is commonly used in the treatment of breast and 
gastrointestinal tract cancers (Piper & Fox, 1982) . 5-FU 
3 5 is converted to its active nucleotide form intracellular ly 
where it interferes with both DNA and RNA synthesis. The 
drug functions via two mechanisms in vivo: 



20 



25 
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(i) FdUMP binds tightly to thymidylate synthase 
preventing the formation of thymidylate, which is an 
essential precursor of deoxythymidine triphosphate (dTTP) 
which is one of the four deoxyril^hucleptides required for 

5 DNA 'synthesis . The thymine -less" state created by this 
inhibition is toxic to actively dividing cells (Pinedo & 
Peters, 1988) . 

(ii) The second way in which 5-FU functions is 
that the incorporation of FUTP into RNA interferes with RNA 

10 function. The inhibition of thymidylate synthase caused by 
Fdurd and 5-FU incorporation into RNA is capable of causing 
cytotoxic effects on cells. Both the concentration and 
duration of exposure of 5-FU are important -determinants of 
cytotoxicity. As RNA-directed effects are probably 

15 predominant with prolonged duration of exposure, where as 
DNA-directed effects might be more important during short- 
term exposure of cells in S phase. 

Several studies have examined the use of HA as a 
drug delivery system for anti-cancer drugs. Coradini et al 

20 (1999) covalently bound sodium butyrate to HA, to determine 
whether this HA/ sodium butyrate combination would enhance 
drug uptake by breast cancer cells in vitro. This study 
indicated that the mechanism of action of HA as a drug 
delivery vehicle may involve the HA-butyrate-ester 

25 derivative being carried to the CD44 receptors. The 

HA/drug complex was internalised, followed by cytoplasmic 
hydrolysis of the HA/drug complex, subsequently releasing 
the butyrate which exerted an anti-prolif erative effect. 
One in vivo study has been performed which covalently 

3 0 linked mitomycin C to HA as a means of treating murine 

Lewis lung xenografts (Akima et al, 1996) . It was found 
that the HA-MMC complex resulted in anti -tumour activity at 
a low dose of O.Olmg/kg where the sole agent, mitomycin C 
did not demonstrate anti -tumour activity. 
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fexaMple 5 • investigation Of The Synergistic Action Of 

S-FU And HA in Human Breast Cancer Cells 

Human breast adenocarcinoma cell lines MDA-MB- 
468/ MDA-MB-435 and ;mda-mb-231 were . selected based ^ HA 
binding affinity (Culty et al, 1994) and .the expression of 
the HA receptors of CD44 and RHAMM (Wang et aj/ 1996) 
Summaries of the cell line characteristics are shown in 
Table 3. 
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Table 3: Hyaluronan Binding And Receptor Expression Of 
Human M a w^aTy Carcinoma Cell Lines 

5 " • .- . • . 



Cell Line 


Type of breast 
cancer 


Degree of 
HA Binding* 


HA Receptor 
Expression 15 








CD44 


RHAMM 


MDA-MB-231 


adenocar c inoma 


++ 


+++ 


+++ 


MDA-MB-468 


adenocarc inoma 


H- + + 4- 




+ + 


MDA-MB-435 


ductal 
carcinoma 




+++ 


ND 



a: Culty et al, 1994 
10 b: Wang et al, 1996 
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Cell lines MDA-MB-468, MDA-MB-435 and MDA-MB-231 were 
routinely cultured as described in example 1. 

It can be seen from Table 4 that breast cancer 
cells, grown in media containing OnM 5-FU + lOOnm of HA did 
not demonstrate a statistically significant proliferative 
or cytotoxic effect when compared to untreated cells. 
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Table 4; Effect Of Hyaluronan On Breast Cancer Cell 

Prolif eration 

t .r • - — d 



Cell Line 


OnM 5-FU 

(mean cell number + 1 
S.D. ) 


OnM 5-FU +10 OnM HA 
(mean cell number + 1 
S.D. ) 


MDA-MB-231 
(n=4) 


34,206 + 3,206 


29,470 + 4,452 


MDA-MB-468 
(n=4) 


36,751 + 2,814 


37,607 + 3,325 


MDA-MB-435 
(n=4) 


117,760 + 2,175 


121,918 + 7,851 



Statistical testing was conducted using both the non-parametric 
Rank Sum Test and parametric Student's t-test 
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10 



15 



Therefore all results were expressed as a percentage of the 
OnM 5-FU/0nM HA cell count. Distinct differences in growth 
patterns were noted between cell lines, for example MDA-MB- 
231 and MDA-MB-468 cells demonstrated a poor plating 
efficiency, where numerous floating 'cells were present 
before application of the test media"-; The MDA-MB-43 5 cell 
line demonstrated a high plating efficiency and a very 
rapid growth rate. 

When HA was combined with 5-FU a syngeristic 
cytotoxic effect was observed with the MDA-MB-468 cell 
line, but not with the MDA-MB-231 or MDA-MB-435 breast 
cancer cell lines. This is shown in Figure 11. The ic 50 of 
5-FU alone was >50um, but when combined with HA the IC 50 was 
40nM, a reduction in drug dosage of up to "1250 times. 
_ The results from the in vitro experiments 

O demonstrated an increase in cell kill when 5-FU was applied 

gQ to the breast cancer cells in the presence of HA. The MDA- 

,W MB-468 cells showed the greatest susceptibility to the 5- 

J FU/HA therapy where the IC 50 was decreased from >50pM to 

□ 20 40nM, whereas both the MDA-MB-231 and MDA-MB-435 were not 
;~ greatly affected by the 5-FU/HA combination. All of the 

□ breast cancer cell lines expressed high levels of the CD44 
2 receptor with the MDA-MB-468 (60-80%), MDA-MB-231 (40-60%) 
Lj and MDA-MB-435 (40-60%) as determined by Culty et al 

■V 25 (1994) . It has been demonstrated that the three cell lines 
used in these experiments are able to degrade HA, implying 
that the function of CD44 in tumour cells may be to mediate 
the degradation of HA (Culty et al, 1994) . 

Another factor to consider is the previous 
30 exposure of the cells to chemo therapeutic drugs. Before a 
cancer cell line is isolated from a patient, the cancer 
sufferer has often undergone chemotherapy or radiation, 
which could result in the tumour containing treatment- 
resistant cells. In the case of MDA-MB-43 5 and MDA-MB-231 
35 the patients from which the cell lines were derived had 
both been previously exposed to 5-FU (Cailleau et al, 
1974) . Since cancer cells contain several adaptation 



WO 00/41730 



- 39 - 



PCT/AUOO/00004 



mechanisms to overcome drug cytotoxicity, it is v very likely 
that the tumour mass that remained after treatment was 
resistant to 5-FU, subsequently altering the susceptibility 
of the cells to the drug in vitro. 

With the view of extrapolating any in vivo data 
obtained mice to the treatment of human counterparts, the 
experimental model and design was carefully ; developed . To 
definitively demonstrate the in vivo targeting and 
therapeutic efficacy of 5-FU/HA adjuvant therapy on human 
0 breast cancer xenografts, the following factors were 
examined : 

Human breast cancer tumours were established in a 
we 11- validated Walter and Eliza Hall Institute strain of 
nude mouse, a widely accepted model for such studies which 
5 avoids an immune response against allogenic cells . 

Comparative data on the pharmacokinetics of 5-FU. 
that have already been published for the nude mouse and 
humans (Inaba et al, 1988), and were utilised in the design 
of this study, to simulate human therapeutic doses as 
0 closely as possible. 

A major aim was validation that the histological 
and cytological behaviour of the tumours established in 
these mice were comparable to that of such tumours in their 
natural human hosts . In achieving this aim we have also 
5 . shown that the tumour cells in the mice are of human origin 
and that they express highly relevant HA receptors such as 
RHAMM and CD44. 

Example 6 Preparation Of HA And 5-FU Solutions 

0 A stock of HA solution (10\iM, 7mg/ml) was 

prepared by dissolving desiccated HA (modal M r 7xl0 5 kDa, ) 
in 0.9% w/v pyrogen-free injection grade NaCl . To ensure a 
homogenous solution the HA was dissolved overnight at 4°C 
followed by thorough vortexing. To ensure that the HA had 

5 maintained its molecular weight during the preparation of 
the stock solution, the solution was analysed on a 
Sephacryl S-1000 size exclusion gel with column 
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Q 20 



Q 25 



specifications of 1.6cm x 70cm, sample size 2ml, flow rate 
18ml/h and 2ml -fraction size . The HA was used at a final 
concentration of lOOnM, with all dilutions made in the 
appropriate growth, medium: 
5 The stock solutibn of 5-FU was prepared by 

dissolving 5-FU Tn 0 . 1M sodium hydroxide : and brought to a 
concentration of 20mg/ml with 0.9%w/v pyrogen- free 
injection grade NaCl . The stock solution was filtered 
through a 0.22um filter to ensure sterility before addition 
10 of [ 3 H]-FU and dilution to injection concentration with 
injection grade sodium chloride. Individual injections 
were prepared according to individual mouse masses, with 
the aim of delivering 3 0mg/kg 5-FU in 50ul (equivalent to 
human therapeutic dose of 10.5mg/kg for a mean body weight 
15 of 60kg; Inaba et al, 1988) . A pyrogen-free, HA stock 
solution (lOmg/ml; modal M r 7x10 s Da) was added to a 
portion of the 20mg/ml 5-FU stock solution and incubated 
overnight with vortexing, to a final HA concentration 
equivalent to 12 . 5mg/kg of mouse mass. Injections were 
individually made according to mouse masses, to deliver 
30mg/kg 5-FU and 12 . 5mg/kg HA in 50ul. With this quantity 
of HA injected into the body, saturation kinetics would be 
observed for the period of the experimentation (Fraser et 
al, 1983). To ensure that the HA had maintained its 
molecular weight during the preparation of the injection 
mixture, the injection solution was analysed on a Sephacryl 
S-1000 size exclusion gel with column specifications of 
1.6cm x 70cm, sample size 2ml, flow rate 18ml/h and 2ml 
fraction size. Hyaluronan was detected in column fractions 
30 by the uronic acid assay. 

The uronic acid assay was used to detect the 
presence of hyaluronan qualitatively from the fractions 
collected from the gel filtration chromatography procedure. 
A 25U1 aliquot of each fraction was then transferred into a 
35 96 well plate. 250jil of a carbazole reagent (3M 

carbazole/0.025M borate in H 2 S0 4 ) was then added to these 
fractions. The 96 well plate was incubated for 45-60min at 
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80°C. A Dynatech MR7000 plate reader with a 550nm filter 
was used to read the 96 well plate. The absorbance was 
considered to be significant when it was >3 standard 
deviations above the background absorbance. The background 
5 was calculated by, taking an ecjual number of sample, points 
.. . before and after V 0 and V t where the average number taken 
was 16 (Fraser.et al. 1988). 

The formulation of HA and 5-FU (lOmg/ml HA and 
2 0mg/ml 5-FU in 0.5% NaCl, pH 8.9) did not demonstrate a 
10 degradative effect on the molecular weight of the HA. 
Chromatographical analysis in a size exclusion gel 
indicated the maintenance of the modal molecular weight of 
700,000Da. 

15 Example 7 Drug Cytotoxicity Assay; Experimental Design 

In designing drug titration experiments in vitro 
it is desirable to apply drug concentrations similar to the 
concentrations reached in plasma after intravenous 
administration. When 5-FU is therapeutically administered 

20 by an intravenous route (iv) at 10.5mg/kg (400mg/m 2 ) , the 
peak plasma level within 30 min is 8|Xg/ml [61|IM, • Kubo, 
1990)". Based on these plasma concentrations in vivo the 
following drug concentrations were selected; 0, 1/ 5, 10 , 
20, 50, lOOpM 5-FU ± lOOnM HA. The cell lines MDA-MB-468, 

25 MDA-MB-231, and MDA-MB-435 were grown as specified above in 
examples 4 to 5 . When the cultures reached confluence the 
cells were removed from the flasks in 0.25% trypsin/0 . 05% 
EDTA. The single-cell suspension was counted with a 
Coulter counter (ZM1 model) and cells were resuspended to 

30 100,000 cells/ml in cell-specific media. Cells were plated 
into 24-well plates (2cm 2 surface area) by adding 0.5ml of 
cell suspension per well, resulting in 50,000 cells/well. 
Cultures were allowed to attach for 24h, before the media 
was removed, monolayers washed with HBSS and the test media 

35 (5-FU+HA) applied. After 4 days of growth in test media 

the cultures were washed with HBSS, the cells removed from 
the well by trypsinisation with 0.25% trypsin/0.05% EDTA 
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and cells were counted with a Coulter Counter. 

Example 8 Evaluation Of HA As A Drug Delivery And 

Tumour-Targeting Vehicle 

Based on the results from the drug sensitivity in 
vitrei' experiments as described in examples 5 to 7 , and the 
expression of the HA receptors of CD44 and RHAMM, the human 
breast carcinoma cell line MDA-MB-468 was selected as the 
cancer cell inoculant for the generation of any nude mouse 
human tumour xenografts. Cells were routinely grown and 
subcultured as a previously described in Example 5. For 
.injection into mice, cells were grown to 100% confluency, 
-trypsinised in 0.025% trypsin/0.01% EDTA solution, washed 
twice by centrifugation in a Beckman TJ- 6' bench centrifuge 
at 400g av for lOmin, counted using a Model-ZM Coulter 
counter and resuspended in serum-free Leibovitz L-15 medium 
at 1 x 10 s cells/ml. 

The athymic CBA/WEHI nude female mice, 6 to 8 
weeks old, were maintained under specific pathogen-free 
conditions, with sterilised food and water available ad 
libitum. Each- mouse received one injection containing 5 x 
10 6 cells in 50ul. The cells were injected with a 26 gauge 
needle into the mammary fat pad directly under the first 
nipple (Lamszus et al, 1997). Tumour measurements were 
made weekly by measuring three perpendicular diameters 
(did 2 d 3 ) . Tumour volume was estimated using the formula: 

(1/6) K (didada) 

Treatment with 5-FU + HA was commenced approximately 4-8 
weeks after the cancer cell inoculation. The mean tumour 
size for mice used in each study is summarised in Table 5. 
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Table 5 ; Summary of Human Breast Cancer Tumours at 

Commencement of Each Study 



Study 


Tumour volume 
(mean + SEM) 


Tumour as % of net body 
mass (mean + SEM) 


5-FU targeting 


0.41±0.01mm 3 


0.22±0.10mm 3 


Efficacy : 6- 
week 


0.37±0.20inm 3 


0 . 19±0. 10mm 3 


Efficacy : 6- 
month 


0.61±0.3 6mm 3 


0-28±0.17mm 3 
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10 



15 



20 



30 



35 



To establish the tumorigenicity of breast cancer 
cell line MDA-MB-468 and its ability to generate tumours 
upon injection into an appropriate .animal host, it was 
necessary to perform pathological testing. For a tumour to 
be physiologically viable neovascularisation is essential 
where the capillary network supplies nutrients to the 
tumour. The presence of vascularisation, ductal invasion, 
necrosis, apoptosis, a high mitotic index and nuclear 
abnormalities are all characteristic of breast carcinoma. 
Examination of the haematoxylin and eosin stained breast 
tumour sections demonstrated all of these features, so 
confirming that the animal host successfully maintained a 
grade II human breast carcinoma. 

Approximately 8 weeks after tumour induction two 
tumour-bearing mice were given a lethal dose of Nembutal. 
Within 3min of killing the mice, tumours were surgically 
removed and immediately fixed in 10% buffered formalin for 
12h. The fixed tumour was dehydrated overnight in a series 
of 70-100% ethanol, followed by paraffin embedding from 
which 2-4 urn sections were cut. The sections were placed • 
on slides, de-waxed, and brought to water. Slides were 
washed 3x5min in PBS . Heterophile proteins were blocked by 
incubation with 10% foetal calf serum for lOmin, followed 
by a PBS rinse. The detection antibodies were applied for 
25 60min at RT. The detection antisera or antibodies were 
against RHAMM, CD44H and CAE. The slides were washed 
3x5min in PBS and endogenous peroxidase activity blocked by 
immersion in 0.3%H 2 O 2 in methanol for 20min. Following a 
further PBS wash, the peroxidase-conjugated pig anti-rabbit 
secondary antiserum was applied for 60min at RT, followed 
by 3x5min washes in PBS . Sigma Fast 3,3' -Diaminobenzidine 
tablets (DAB) were prepared according to the manufacturer's 
instructions and the DAB solution was applied for 5-10min 
at RT. The slides were washed in tap water for lOmin, 
counters tained with haematoxylin, dehydrated and mounted. 

The human origin of the tumour was confirmed by 
staining the tumour and surrounding tissue with a human- 
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specific cancer marker. The presence of CEA clearly 
demonstrated that the tumour was human, while being 
maintained by the cardiovascular system of the murine host. 
Since it was hypothesised that tumour targeting could occur 
5 via receptor-mediated internalisation or binding it was 

necessary to establish the expression of HA receptors, CD44 
and RHAMM. Table 6 lists the degree of receptor expression 
on the human breast cancer xenografts. 
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Tabled : Distribution of HA receptors on human breast cancer tumours 

grown in nude mice 



HA receptor 



Function 



Distribution on 
tumour 



% epitope 
expression on 
tumour 



CD44H 



CD44 v6 



CD44v3 



Isoforms which bind 
and internalise HA 
(Culty etal % 1992 ) 
Functional role in 
cancer unknown 
however the higher 
the expression 
results in a 
diminished survival 
probability 
(Friedrichs et al. 
1995) 

Over-expression 
often found in breast 
carcinoma 
(Friedrichs et at, 
1995) 



Expressed on all 
cells except for a 
few stromal cells 
Some infiltrating 
tumour cells 



+ + + -t- 



RHAMM 



- GEA 



Necessary for 
transformation and 
tumour cell invasion 
(Hall et al % 1995) 



A foetal antigen 
expressed on 
malignant cells 
(Haskell, 1990) 



Groups of 
infiltrating tumour 
cells, with high 
expression on cells 
surrounding necrotic 

areas, 

Expressed on all 
tumour cells 



4- + + 



+ + + 



RaUng index for percentage of epitope expression on tumour: 

1-25%: +• 

26-50 % : 4- <- 

51-75 % : * «. «. 

76-100% : +- 4 • 
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EKftipple S Use Of 5-FU And HA In Nude Mouse Model 

Mice were randomly divided into 2 groups of 25 
animals. Group 1 received [ 3 H]5-FU only, and Group 2 
received the [ 3 H] 5-FU/HA combination- The treatments were 
5 quantitatively administered via the tail vein with weighing 
of the* injection syringe before and after injection. 
Tritiated 5-FU (mean injected dpm ± SEM: 31,313,002 ± 
131,348) contained within 30mg/kg 5-FU ± 12.5mg/kg HA was 
delivered in each injection. 

10 To ensure an accurate quantitation of the amount 

of [ 3 H]5-FU delivered to the blood stream, the injection 
site on the tail vein was dissected and its [ 3 H]5-FU 
content measured- The amount of 5-FU delivered to the 
bloodstream (5-FU available for distribution to the tissues 

15 and tumour) was calculated as: 

Amount of 

5-FU Difference in Dpzo/mg* of Dpm remaining- at 

delivered e= mass of X injection - injection site 

to injection material 

bloodstrea syringe 
xn (mg) 
(dpm) 

The amount of 5-FU delivered to the bloodstream was 

referred to as the * injected dose*, 
20 In order to make accurate comparisons between the 

sample population and normalise slight variations in organ 

and tumour masses, the concentration of 5-FU in the body 

organs and tumour and body fluid was expressed as % of 

injected dose/gram of tissue. 
2 5 Mice were individually housed in soft, non- 

wettable plastic enclosures so urine could be collected. 

At lOmin, 20min, 3 0min, lh or 2h after injection mice were 

anaesthetised by 0,1ml intra-peritoneal injection of 

Nembutal . 

30 Upon anaesthetising the animals, blood was 

collected from the heart or great vessels using a needle 
and syringe- Blood was collected into EDTA glass tubes and 
plasma was prepared by centrif ugation at 14,000gav for 
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lOmin. Radioactivity was counted in 50vil after 
decolonisation with 10 Opl" "of hydrogen peroxide, 30%v/v and 
the addition of 3ml HiSaferi scintillant. To overcome 
chemi- and photoluminescence, samples were counted for 2mi n 
5 in a Wallac 1410 counter over a 3, 7 or 20 d period 

depending on the sample source. During the periods between 
counting, samples were stored in the dark at ambient 
temperature. All calculations were performed on stabilised 
samples where all chemi- and photoluminescence had 
10 disappeared. To determine the percentage of injected 5-FU 
in the plasma, it was necessary to calculate the total 
plasma volume of each mouse (ml) . The standard formula 
was : 

15 Mouse x mouse blood x plasma proportion 

Mass (g) volume (0.07) of blood (0.59) 1 

The percentage of injected 5-FU in the plasma was 
calculated by: 

20 

Plasma volume (ml) X dpm/ml plasma x 100 
total dpm injected 

When possible urine was collected from the non- 
25 wettable plastic enclosures with a syringe and needle. The 
urine was cleared by centrifugation at 14,000gav for lOmin. 
• Its radioactive content was measured after the addition of 
3ml HiSafell scintillant to samples ranging from 8-3 Oul . 
Through the technical difficulties in accurately 
3 0 quantitating the volume of urine produced by each mouse the 
% of the injected 5-FU dose in the urine was calculated by 
the following formula: 

time of collection (h) x 42U1 1 x dpm/ul urine x 100 
35 total dpm injected 



Once blood was taken, the mice were killed by 
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cervical dislocation. Immediately after killing the mouse 
the tumour, liver, heart, spleen, bladder, left and right 
kidneys, uterus, lungs, stomach, intestines, brain and 
lymph nodes were excised and analysed for total 
5 radioactivity. The total radioactivity per tissue was 

determined by solubilising 100-400mg of tissue in 3 -6ml of 
for 36 h f 22°C. On completion of solubilisation the tissue 
was counted after adding 10ml of HiSafelll scintillant. 
The samples were counted as previously described to avoid 

10 chemi luminescence . 

As shown in Figure 12, there was a significant 
targeting effect when combining HA with 5-FU. The greatest 
relative increase in tumour retention of- drug was observed 
at lOmin where the HA enhanced drug uptake by a factor of 

15 2.42 (p=0.001, Students t-test) . At 20min and 30min after 
administration of the HA/5-FU statistically significant 
increases in the tumour uptake of 5-FU was also noted, with 
increased drug uptake of 1.5 and 2-fold respectively 
(p<0.001, Students t-test) . The other time points did not 

20 demonstrate a statistically significant difference between 
5-FU administered as a sole agent versus co-injection with 
HA. 

It was important to establish that metabolic 
organs such as the liver, spleen and kidneys did not 
25 experience a high level of drug targeting which could 
counter-act any positive aspects of increased tumour 
targeting. Table 7 lists the [ 3 H]5-FU uptake of each 
tissue at the various time points tested. 
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Figure 13 shows that the primary metabolic organs of HA are 
the liver, lymph nodes and spleen, while 5-FU is 
extensively metabolised in the liver. 

These organs did not exhibit a significant 
5 increase in 5-FU uptake when it was co-injected with HA. 

However, the kidneys did demonstrate a significant increase 
in 5-FU targeting at 10 min after administration (1.8-fold 
increase, p=0.004) with HA. After this point, even though, 
not statistically significant, this trend of enhanced drug 
10 uptake continued until the end of the sampling period. 

The bladder, intestines and bone marrow did not 
demonstrate an increased uptake of 5-FU. In tissues such as 
the uterus there was a short-term increase in drug uptake 
at 10 min (1.8-fold increase, p=0.032), but no differences 
15 were demonstrated at other time points, so the significance 
of this observation must remain uncertain. 

The stomach, brain and lungs did demonstrate 
increased 5-FU uptake at one or two sampling points. 
However, due to the small number of animals at each time 
20 point (n=5) it was not possible to substantiate statistical 
significance, even though a definite trend could be 
observed as shown in Figure 14A-C. 

At the later sampling points of lh and 2h a 
significant decrease in cardiac 5-FU was noted, where co- 
25 administration with HA resulted in a decrease of 59% 
(p=0.003) and 53% (p=0.021) respectively. 

It was not possible to collect urine from each 
mouse, through variations in the micturition rate; 
therefore insufficient urine was collected to enable 
30 statistical analysis. 

When 5-FU was co- injected with HA there was an 
early decrease in the circulatory levels of 5-FU (Table 7) . 
Hyaluronan reduced plasma 5-FU by 55% (p=0.001) . The 
pharmacokinetic plasma half-life was altered from 28min to 
35 56min in mice receiving 5-FU/HA as shown in Figure 15. 



10 
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Example 10 Administra tion Of Treatment Regi mens To v,A ^ 

One of the most commonly used treatment regimens 
for human breast cancer is cyclophosphamide, methotrexate 
and 5-fluorouacil which is administered on day 1 and 8 of a 
5 28 day cycle. in human breast cancer the initial treatment 
regimen is for 6 cycles at which time the patient condition 
xs re-assessed, therefore we tried to simulate the human 
treatment regimen as closely as possible by exposing the 
mice to 6 cycles (6 months) of treatment in a long term 
efficacy study and a 6 cycles (6 week) short term efficacy 
study. Considering the life cycle of a mouse is 
approximately 2 years we commenced both short-term and 
long-term treatment protocols as shown in Table 8. 
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Table 8 ; Treatment Administration Protocols. 



Treatment 
Group 


Dosage 


6 -Week Study: 
Treatment Regimen 
Bolus injection 
on Days 


6 -Month Study: 
Treatment Regimen 


1 . Saline 


0.1ml of 
0.9% saline 
( injection 
grade ) 


1 & 2 of 7 day 
cycle 


1 & 8 of 28 day 
cycle 


2. 5-FU /HA 


0.1ml 

containing : 
3 0mg/kg 
5-FU + 12 .5 
nig /kg HA 


1 & 2 of 7 day 
cycle 


1 & 8 of 28 day 
cycle 


3. HA 


0.1ml 

containing: 
12 . 5mg/kg 
HA 


1 & 2 of 7 day 
cycle 


1 & 8 of 28 day 
cycle 


4. 5-FU 


0.1ml 

containing: 

30mg/kg 

5-FU 


1 & 2 of 7 day 
cycle 


1 & 8 of 28 day 
cycle 


5. HA 

followed by 
5-FU 


0.1ml 

containing: 
12 .5mg/kg 
HA or 
30mg/kg 
5-FU 


1: HA 
2: 5-FU 
3 : HA 

4: 5-FU + 
of 7 day cycle 


1: HA 
2: 5-FU 
8: HA 
9: 5-FU 

of 28 day cycle 


6. HA 


0.1ml 

containing: 

12.5mg/kg 

HA 


1: HA 
3 : HA 

of 7 day cycle 




7. 

5-FU 


0.1ml 

containing: 
30mg/kg 5- 
FU 


2: HA 
4: HA 

of 7 day cycle 
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Mice were randomly divided into 7 groups of 8 animals per 
group for the short term study and 5 groups of 8 animals 
for the long term study (refer to Table 8 for dosage and 
treatment administration schedule) . 

The treatment was not extended over the 6 month 
regimen since it has been demonstrated that chemotherapy 
lasting more than six months has not generally been 
associated with greater benefit (Harris et al, 1992) 

Animals were weighed and tumour volumes measured 
on the day of treatment application for long term study as 
described in Example 8 . In the 6-week study animals were 
.. weighed and tumour volumes measured on a daily basis 
Animals were individually placed in an injection box, and 
the injections were administered via the tail vein. it has 
15 been experimentally proven that stress can be a major 

factor in a patients response to chemotherapy (Shackney et 
al, 1978), therefore we ensured that equal numbers of mice 
were allocated to each cage, the animal number per cage 
varied from 5-8 depending on the stage of experimentation! 
20 The experimental end-point occurred when the 

animal had to be euthanised due to degree of disease 
progression or when the 6 month (long term) or 6 week 
(short term) treatment regimen was completed. Due to the 
animal ethics guidelines the animals were monitored 
25 fortnightly by an independent animal ethics officer who 
... assessed the degree of disease progression. As shown in 
Figure 16, the following criteria were used to determine if 
an animal had reached the stage of experimental end-point 
of necessary death: 

30 1) - animal was not eating or drinking and had 

experienced dramatic weight loss; 

2) . tumour size was greater than 10% of body 
mass (Panel A) ; 

3) . tumour mass was so large the animal was 
35 immobilised (Panel B) . 

At the experimental end-point the animals were 
anaesthetised by a 0.1ml intra-peritoneal injection of 
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Nembutal (60mg/ml) , blood was collected followed by killing 
of the animals using cervical dislocation. 

At the end of the 6 week study tumour mass was 
determined and both the 5-FU and 5-FU/HA therapies had 
5 significantly smaller tumours than the saline group 

(p=0.005) as seen in Figure 17. There was not a significant 
difference in tumour volume between the 5-FU and HA/S-FU 
treatment groups, indicating that both therapies displayed 
equal eff icacy . against the primary tumour. No statistical 

10 difference was noted between the primary tumour volume of 
saline and HA. 

Immediately after killing the mouse the tumour, 
liver, heart, spleen, bladder, left and right kidneys, 
uterus, lungs, stomach, intestines, brain and lymph nodes 

15 were excised and placed in 4% formalin buffered with 0.06M 
phosphate pH 7.5, and cetylpyridinium chloride, 1.0% w/v. 
The tissue was fixed for 16-24h before histological 
processing. Fixed tissue was dehydrated stepwise to 100% 
ethanol and embedded in paraffin blocks from which 2-4[lm 

20 sections were placed on glass microscope slides. Staining 
the tissue sections with a haematoxylin nuclear stain and 
eosin cytoplasmic stain highlighted any pathological 
features that could indicate treatment toxicity. 

Nine to 11 lymph nodes were collected per animal, 

25 ensuring that all nodes which drained the tumour area were 
collected. There are currently two methods used for the 
detection of lymph node metastasis: 

i) routine haematoxylin and eosin staining of 
gross organ structure 

30 ii) immunohistochemistry using a cancer marker 

such as carcinoembryonic antigen 

Both methods of metastasis detection were 
employed in this study. Not all commercially available CEA 
antibodies react with human breast cancer cells, so we 

35 tested the reactivity of 5 different antibodies (DAKO, 
Amersham and KPL) . 

The haematoxylin and eosin stained lymph nodes 
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were examined by Dr P. Allen (certified pathologist) where 
each node was microscopically examined for the presence of 
tumour cells. The CEA immunostained lymph nodes were 
microscopically examined, where any positively stained 
nodes were counted and considered positive for lymph node 
metastasis. 

Tumour volume was monitored on a daily or weekly 
basis by calliper measurements and tumour volume 
calculated as previously described in example 8. 

One of the most common toxic effects of 5-FU is 
on the gastro-intestinal tract where haemorrhagic enteritis 
and intestinal perforation can occur (Martindale, 1993). 
Animals were monitored daily for GI tract upset such as 
diarrhoea and weekly for more severe toxicity 
15 manifestations such as weight loss. Weight loss was 

monitored by calculating net body weight as estimated by 
subtracting tumour weight, which was calculated as lg x 
tumour volume (cm 3 ) as cited in Shibamoto et al, 1996. For 
demonstration of any weight changes the animal body weight 
was normalised to the body weight at the time of treatment 
commencement as : 

Body mass (ex tumourt- bod y mass at commencement of treatment (ex tumour) 

Body mass at commencement of treatment (ex tumour) X 100 

No daily GI tract upset such as diarrhoea was 
25 noted in any of the animals regardless of treatment 
regimen. Severe gastro-intestinal toxicity for each 
treatment regimen was estimated using loss of body weight 
(excluding the tumour weight) as an indicator. At the time 
of death of each animal the percentage change in body mass 
was calculated as previously described. There was a 
statistically significant difference in the normalised body 
weight between the saline, HA, 5-FU treatment groups as 
compared to the 5-FU/HA group treatment group (Figure 18). 
The mice receiving the 5-FU/HA adjuvant therapy 
3 5 demonstrated a 16% increase in body weight (students t- 
test, p=0.025) throughout the treatment in comparison to 



20 



30 
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the untreated group which experienced a net increase of 2% 
in weight . 

The combination of immunohistochemical detection 
of carcinoembryonic antigen (CEA) with classical diagnostic 
5 pathology provided an excellent quantitation of lymph node 
metastasis. The average mouse contains 15-19 lymph nodes 
(Lamszus et al, 1997), therefore this study examined 
approximately 60-70% of the animals lymph nodes. Careful 
procedure was followed to ensure that all nodes that drained 
10 the mammary fat pad and chest region were removed and 
examined. As demonstrated in Table 9A, all animals 
displayed lymph node metastasis. 
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Figure 19 A shows that the percentage of lymph node 
involvement (number of metastatic nodes per animal) was 
greatly affected by 5-FU, 5-FU/HA and HA treatment, where 
the saline group demonstrated a 6- fold increase in the 
5 amount of lymph node involvement. Once again, HA 
demonstrated that it could have therapeutic value. 

While dissecting the animal at the end of the 
study every tissue was microscopically and macroscopically 
examined for tumour nodules. With the exception of the mice 

10 receiving the HA/ 5-FU or HA therapy, new tumours were 

observed- around the neck or underarm region of the area 
adjacent to the primary tumour. The incorporation of HA into 
the treatment regimen inhibited new tumour formation, as 
shown in Figure 19B. 

15 There was not a significant difference in overall 

patient survival regardless of treatment (Table 9A) , where 
animals from all groups completed the treatment regimens. 

As one of the major toxicities associated with 5- 
FU treatment is depression of the bone marrow and 

20 subsequent drop in white blood cells it was necessary to 
assess any treatment associated blood toxicity. Upon • 
anaesthetising the animals, blood was collected from the 
heart or great vessels using a needle and syringe . 
Estimation of white blood cell number by making a 1/10 

25 dilution of blood in mouse tenacity saline (M) and counting 
it on a haemocytometer. A differential blood count was 
performed by counting neutrophils, lymphocytes, and 
erythrocytes. The total estimation of blood cell 
subpopulations was compared to published data for mouse 

3 0 blood. 

To ensure that treatments did not induce organ 
atrophy or enlargement, the organs were removed and weighed 
during the post mortem. The mass of each organ was 
calculated as a % of the overall net body weight, and 
35 compared to the organ masses of the saline only group 
(Group 1) . 
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Example 11 Long-Ter m Treatment: 6-Month Regimen 

While this study is still on-going there are 
significant data being generated. 

The TDT is the time taken (days) for a tumour to 
5 double in mass or cell number, a parameter of tumour growth 
which is simple to measure and can be easily related to 
clinical tumour behaviour in concept ional terms (Shackney 
et al, 1978). By monitoring the tumour doubling time it is 
often possible to evaluate tumour chemo therapeutic 
10 response, as slowly growing tumours tend to respond poorly 
to chemotherapy (Schabel, 1975) . 

The tumour doubling time for each treatment is 
shown in Table 9B. 
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There was not a significant difference in TDT between the 
5-FU/HA and 5-FU treatment. As with the 6-week study, the 
administration of HA also demonstrated a therapeutic effect 
on the primary tumour, demonstrating a TDT of 26+1.75 
versus the saline of 13+4 days. The administration of HA 
24h before 5-FU appeared to counteract any therapeutic 
value of 5-FU in relation to retardation of tumour growth. 

Tumour mass and volume are useful parameters in 
monitoring tumour treatment response and progression, but 
do not ultimately demonstrate the cytotoxic effects 
rendered by a therapy. We wanted to establish if the HA/5- 
FU therapy killed more tumour cells and the location of the 
cells. Dying cells can be pathologically manifested by: 
i) ■ disintegration of the nucleus (apoptosis) 

15 • lysis of the cell (necrosis) 

Scanning the entire tumour image into an MCID 
computer that calculated the entire tumour area <juantitated 
the number of dying cells. The cells with fragmented nuclei 
or lysed cells were outlined and scanned, these areas which 
are then digitised and the exact area of dying cells 
calculated. The percentage of the tumour attributed to dead 
cells was calculated by: 



20 



25 



30 



35 



area of apoptotic and necrotic cells X 100 
area of entire breast; tumour 

A viable cell contains more water than a dying or 
dead cell, therefore by determining the ratio of dry tumour 
mass to wet tumour mass it is possible to estimate the 
overall area of viable versus non-viable cells. The 
tumours were dissected bilaterally where half was processed 
for tumour pathology and the remaining half was weighed 
before and after drying at 50°C for 48h. The dry mass as a 
percentage of wet tumour mass was calculated by: 

Dry tumour mass X 100 



Mass of wet breast tumour 
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The overall patient survival time was calculated 
as the time (days or weeks) that the animal lived after the 
commencement of treatment . 
5 The tumour doubling time for each treatment is 

shown in Table 9A. There was not a significant difference 
in TDT between the 5-FU/HA and 5-FU treatments. However, 
the administration of HA demonstrated a therapeutic effect 
on the primary tumour, where the TDT was significantly 
10 greater than the saline group (p,0.05, Multiple comparison 
Tukey test) . The administration of HA 24 before 5-FU 
appeared to counteract any therapeutic value of 5-FU in 
relation to retardation of tumour growth-. 

The cited cure rate for 5-FU is 26% (Inaba et al , 
15 1989), but the animals receiving 5-FU did not experience a 
u cure" . Two mice receiving the HA/ 5-FU adjuvant therapy 
experienced a *cure* where the tumours fully necrosed and 
dropped off after approximately 12 weeks of treatment. 
Figure 20B shows the characteristic appearance of small scab 
20 formation on mice receiving treatment with HA and HA/ 5-FU, 
while Figure 20C shows the appearance of small areas of 
necrosis followed by the formation of a large area of scab. 
One of the mice experienced the re-growth of a small nodule, 
but the second mouse was still tumour free at 22 weeks. As 
25 seen in Figure 2 OA, mice receiving 5-FU or saline had large 
tumours that ultimately ended with the animal dying due to 
mass of tumour burden (Table 9B) , but mice receiving HA+5-FU 
displayed a characteristic tumour appearance, where a small 
area necrosed followed by the formation of a scab. 
30 At week 22, 37.5% of the 5-FU/HA mice were still 

surviving, and the major cause of death for the 5-FU/HA 
adjuvant therapy mice was loss of weight and metabolic 
stress (Table 9B) . 

There appears to be a significant difference in 
35 overall patient survival when HA + 5-FU is administered to 
mice bearing human breast cancer xenografts. At week 22 of 
a 24 week study the only surviving groups are the 5-FU/HA 
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and HA groups, as shown in Figure 21. 
Conclusions 

The data from the 5-FU targeting show that there 
5 was a statistically significant increase in 5-FU uptake by 
tumours when 5-FU was injection with HA at the time points 
10, 20 and 3 0 minutes with a 2.4, 1.5 and 2 fold increase 
respectively in 5-FU uptake (Table 7). This indicated that 
5-FU was being targeted to the tumour by the HA. There are 
two possible mechanisms of HA targeting of 5-FU to tumour 
cells : 

HA containing associated 5-FU binds to the 
receptors (CD44) and is internalised via receptor-mediated 
endocytosis, so releasing the drug into the tumour cell. 

The HA molecular mesh will act as an impedance to 
outward diffusion, so that after HA binds to receptors (CD 
44 and RHAMM) , the entrained 5-FU is able to diffuse into 
the tumour cells. While held at the surface of the cells by 
the HA matrix the 5-FU has increased availability to the 
.active transport mechanism normally utilised for 5-FU 
transport into the underlying cell. 

The catabolism of HA mainly occurs in the lymph 
nodes (Fraser et al, 1988) and the liver (Laurent et aJ, 
1986) . HA is normally cleared from the blood stream by 
receptor-mediated cellular uptake and catabolism in the 
.liver (80-90%), kidneys (10%), spleen (0.1%) and bone 
.marrow (0.1%).' (Fraser et al, 1983). Circulating HA is 
taken up by the metabolic receptor, also known as the liver 
endothelial cell (LEC) receptor (Eriksson et al, 1983), 
whereas the CD44 receptor appears to be involved with HA 
intemalisation associated with cellular processes instead 
of metabolism, while the RHAMM receptor is only involved in 
cell motility. Combining HA with 5-FU could result in high 
levels of 5-FU being targeted to the sites of HA or 5-FU 
metabolism. The data from the targeting experiments (Table 
6) shows that there was no significant increase in 5-FU 
targeting to the liver when administered with HA. As no 
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observed increased targeting to the liver was observed it 
could suggest that the LEC receptor" on the liver might have 
a lower binding affinity for HA in comparison to the CD44 
receptor/ Another possibility is that the CD44 isoform 
5 expressed on liver "cells (Stamenkovic et al, 1991) does not 
bind HA with a high affinity. As with the liver no 
increased targeting of 5-FU was noted in the other 
metabolic organs of the spleen, bone, marrow and lymph 
nodes . 

10 There was a significant 1.8 fold increase in 5-FU 

targeted to the kidneys within a 10 min time frame. 
Although the other four time points did not show a 
significant increase in 5-FU uptake by the kidney when 
HA/ 5-FU was co-administered, there appeared to be a general 

15 trend occurring, where more 5-FU delivered to the kidneys 
on administration with HA. The main pathway for the final 
elimination of 5-FU from the body is urinary excretion. 
Even though there seems to be little increase in renal 
content of the drug with HA, but we believe from other 

20 evidence that HA is taken up and catabolised* very quickly 
by the kidneys so that its residence time would be short 
and associated drug would be quickly released into the 
urine . 

In tissues such as the stomach, brain, lungs and 
25 uterus short-term targeting was noted at one or more time 
points. No consistent pharmacokinetic patterns were 
generated, which could indicate that we need to increase 
the population sample number, which could definitively 
indicate if these observations are genuine. In the case 
30 of the increased targeting to the brain at 10-3 Omin this 

could be explained by the previous observation that. HA has 
been associated with enhancing the ability of drugs to 
cross the blood-brain barrier (Nelson & Falk, 1994) . 

There was a significant increase levels of 5-FU 
3 5 in the lungs on administration with HA at the time points 

30 min and 1 h. Xt has been reported that lung macrophages 
contain high levels of the HA-binding, CD44 isoform 
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J Underbill et al 1993), which could account for the 
"increased targeting. This could be associated with a 
therapeutic advantage in the treatment of carcinoma of the 
lung, where small and large cell lung carcinomas have been 
reported' to "contain an over expression of CD44 and RHAMM 
(Horst efc al, 1990) . 

• -• ""'"'"-.v.- ■ ■ • • .. 

The was a significant decrease in 5-FU targeted 
to the heart at the 1 and 2 h time points when HA was co- 
injected with 5-FU. As 5-FU administration can result in 
cardiotoxicity (MIMS, 1997) administration of 5-FU with HA 
may reduce the degree of toxicity to the heart compared to 
_ m when 5-FU is administered alone. 

When evaluating the therapeutic efficacy of the 
HA/5-FU adjuvant therapy several observations were 
15 consistent throughout both the long and short-term 
treatment protocols. 

Mice receiving HA/ 5-FU or HA alone appeared to 
have more energy and maintain or increase body mass, 
observations supported by the increased survival times of 
20 HA/ 5-FU mice in the 6-month study. 

Tumours of mice receiving 5-FU/HA or HA developed 
areas of external necrosis, to the extent where 2 tumours 
dropped off 

The addition of HA to 5-FU did not appear to have 
a significant effect on the volume of the primary treatment 
when the therapy was administered for 6 weeks, but this 
could be due to the vasculature of the tumour. Tumours 
consist of three areas. When HA was administered with and 
without 5-FU it would reach the tumour, enter the well 
vascularised and semi -necrotic areas via the large gap 
junctions of the damaged blood vessels. Due to the ability 
of HA to absorb water this could result in an influx in 
extracellular fluid to the necrotic area of the tumour, 
subsequently increasing the volume of the tumour and 
causing further damage to tumour vasculature. This 
hypothesis is consistent with the observation that tumours 
treated with HA+5-FU did routinely demonstrate necrosis and 
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leakage of tumour intracellular fluid. When the calculation 
of the necrotic versus viable cell areas and the-:dry:wet 
mass ratio is completed we will be able to verify this 
hypothesis. 

5 The long-term efficacy study showed an increased 

survival rate for mice receiving HA/5-FU treatment as shown 
in Figure 21. The mean tumour volume of these mice also 
appeared to be reduced compared to the other treatment 
group. It was- also noted in the long term study that the 

10 cause of death for the HA/5-FU group was mostly due to 

metabolic stress whereas cause of death for the 5-FU group 
was due more to immobilisation due to tumour size being to 
large. All the HA only mice died from immobilisation due 
to the tumour being too large not due to toxicity. Thus HA 

15 does not appear to have any toxicity effects was 

administered. From the targeting results it was found that 
increased targeting of 5-FU was occurring when combining HA 
with 5-FU to the tumour (Figure 12) . The ability of HA to 
target 5-FU to the tumour via HA binding to the HA specific 

20 receptors CD44 and RHAMM, which have been showed to be 

present in increased amounts at tumours sites (Culty et al, 
1994; Wang et al 1996), may reflect that the use of HA with 
5-FU and other cytotoxic drugs may help overcome the 
problem of not enough drug reaching the tumour to have any 

25 therapeutic impact. It was also found that in the short 
term study that the 5-FU/HA mice showed a significantly 
increase in body mass compared to all other groups (Figure 
21) . Consequently the targeting ability of HA to tumour 
sites may decrease the amount of 5-FU going to other organs 

30 such as the intestines and in so doing reduce treatment 

side effects associated with 5-FU therapy in particularly 
gastrointestinal toxicity . 

In comparison to the earlier evaluation of MTX/HA 
adjuvant therapy disclosed in examples 1 to 3, we noted 

3 5 some distinct common results and differences as summarised 
Table 10. 



WO 00/41730 



- 68 - 



PCT/AUOO/00004 • 



Table 10: Common Results And Differences Between 

Adjuvant Therapy With MTX/HA And 5-FU/HA 



Study 


Similar Results 


Different Results 


riiA/nA. o— moncn 

vs 

5-FU/HA: 6 -week 


Mice receiving HA /drug 
experienced 
significant weight 
gain; No marked 
increase in patient 
survival ; Inhibi ted 
formation of new 
tumours ; Demons tra t ed 
a longer TDT; Reduced 
lymph node metastasis 




MTX/HA 6 -month 
VS 

5-FU/HA 6 -month 


Demonstrated ^ 1 nnrroT' 
TDT 


5-FU/HA mice demonstrate 
increased survival 


HA control for 
MTX/HA: 6 month 
VS 

HA control for 
5-FU/HA: 6 week 
& 6* month 




HA mice in the 5-FU/HA 
study demonstrated that 
HA exerted a therapeutic 
effect by reducing TDT; 
HA reduced lymph node 
metastasis and tumour 
formation 1 
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The main difference in the two studies was the starting 
mass of the tumours, where in the MTX/HA study the mean 
tumour volume 175,13mm 3 compared to 61.63 mm 3 in the 5-FU/HA 
study. 'Through the dynamics of particle movement in to 
5 tumours and the response of a patient to the f tumour bulk, 
this could account for the different results obtained in 
relation to the TDT estimations. 

Example 12 Therapeutic Efficacy Of Combination Therapy 

10 With Hyaluronan 

One of the most commonly used treatment regimens 
for human primary and metastatic breast cancer is 
combination chemotherapy with cyclophospamide (Cyc) , MTX 
and 55-FU which is administered on day 1 and 8 of a 28 day 
15 cycle. The combination therapy, often called CMF, is 
usually given in 6 cycles at which time the patient 
condition is re-assessed. The antitumour response rate 
with CMF therapy has been reported to be approximately 50% 
(Bonadonna, 1981; Bonadonna, 1988) , but the therapy has many 
20 associated side-effects such as* fatigue, nausea, leukopenia 
and vomiting (Bonadonna, 197 6; Meyerowitz, 1979) . Due to 
the success of utilising HA as a drug delivery vehicle for 
both MTX and 5-FU we evaluated the therapeutic efficacy and 
toxicity of the HA/CMF adjuvant therapy over a 6-week and 6- 
25 month treatment regimen. 

The MTX and 5-FU were prepared as previously 
described in Examples 2 and 6, respectively. The stock 
concentration of Cyc was prepared by dissolving lg of 
lyophilized drug in 1ml of injection grade pyrogen free 
30 distilled water and made up to 50ml with injection grade 
0.9% sodium chloride. The stock solution was aliquoted 
into small volumes and frozen at-2 0°C until used. 

A CMF injection was prepared by taking the 
appropriate volume of the drug stock solution to achieve 
35 the final drug concentrations of: 

30mg/kg 5-FU (Stock solution: 20mg/ml) 

15mg/kg MTX (Stock solution: 24.5mg/ml) 
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26mg/kg Cyc (Stock solution: 20mg/ml) 

12.5mg/kg HA (Stock solution: lOmg/ml) 

To establish the therapeutic efficacy and any possible 
5 toxicities of the CMF/HA adjuvant therapy / human breast 

tumour xenografts in nude mice were utilized. To simulate 
the human treatment regimen as closely as' possible, mice 
were treated in 6 cycles (6 months) of treatment in a long 
term efficacy study and a 6 cycles (6 week) short term 
10 efficacy study. Mice were randomly divided into 7 groups 
of 8 animals per group for the short term study and 5 
groups of 8 animals for the long term study. 

Mice were treated with 30mg/kg 5-FU; ISmg/kg MTX; 
26mg/kg Cyc +12.5mg/kg on either days l'and 2 of a 7 day 
regimen for 6 weeks, or on days 1 and 8 of a 28 day regimen 
for 6 months. Control groups consisted of the 
administration of saline, 12.5mg/kg HA or mice who had 
12.5mg/kg HA day 1 followed by CMF on day 2. Mice were 
monitored daily for any treatment toxicity and tumour mass 
was measured on a daily or weekly basis (see Table 11) . 
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Table 11; Treatment: Administration Protocols 



Treatment 
Group 


Dosage 


6 -Week Study: 

* i ; 

Treatment Kegimen 
Bolus injection 
on Days 


6 -Month Study: 
i reaumenc 
Regimen 


1. Saline 


0.1ml of 0.9% 
saline 
(injection 
grade ) 


1 & 2 of 7 day 
cycle 


1 & 8 of 28 day 
cycle 


2 . CMF/HA 


0.1ml 

containing: 
30mg/kg 5-FU 
15mg/kg MTX 
26mg/kg Cyc + 
12.5mg/kg HA 


1 & 2 of 7 day 
cycle 


1 & 8 of 28 day 
cycle 


3. HA 


0.1ml 

containing : 
12 . 5mg/kg HA 


1 & 2 of 7 day 
cycle 


1 & 8 o£ 2 8 day 
cycle 


4. CMF 


0.1ml 

containing: 
30mg/kg 5-FU 
15mg/kg MTX 
26mg/kg Cyc 


1 & 2 of 7 day 
cycle 


1 & 8 of 28 day 
cycle 


5. HA 
followed 
by CMF 


0.1ml 

containing : 
12.5mg/kg HA 
or 

.30mg/kg 5-FU 
15mg/kg MTX 
26mg/kg Cyc 


1 : HA 

2 : CMF 

3 : HA 

of 7 day cycle 


1 : HA 
2: CMF 
8: HA 

J • V— 1. JUT 

of 28 day cycle 


6. HA 


0 .1ml 

containing: 
12.5mg/kg HA 


1: HA 
3: HA 

of 7 day cycle 
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As . shown in Tables 12a and 12b, in the. 6 -week 
study the following was observed: 

1) . Mice receiving a treatment regimen containing HA 
(CMF/HA, HA followed by CMF or HA only) displayed an 
increased survival of 50% over the CMF only group. The 
mean survival time' for the CMF treatment group was 40.4 
days versus 42 for all of the other groups. 

2) . Animals treated with a combination of HA and CMF 
all demonstrated a significant weight gain (t-test, 
P<0.001) over animals treated with CMF only or HA only and 
demonstrated an enhanced well being, (see Figure 22). 

3) . Tumour doubling time of the saline treated mice 
(no treatment control group) was significantly less than 
the other treatment groups (t-test, p<0\001), but there was 
no statistically significant difference between the other 
treatment groups (see Figure 23) . 

4) . There was a significant difference (t-test, 
p=<0.001) between CMF and CMF/HA treatment groups with 
regard to the end-point volumes of the primary tumours, 
where CMF resulted in a reduction in tumour mass in 7/8 
animals, while CMF/HA reduced primary tumour bulk in only 
3/8 animals. 

5) . No treatment toxicities were noted when mice were 
treated with HA + CMF, while mice treated with CMF only 
demonstrated signs of fatigue, conjunctivitis, general poor 
health. 

When the CMF/HA or HA therapy was administered on 
day 1 and 8 of a 28 day cycle, the following was observed; 
There was not a significant difference in survival times 
30 between treatment groups 

1) . There was not a significant difference in weight 

gain between treatment groups . 

2 * • Tne primary tumour of mice receiving HA+CMF 

exhibited small areas of necrosis and scab formation 
35 3) - In the treatment of the primary tumour, CMF as a 

sole agent did not demonstrate therapeutic efficacy over 
the saline and HA treatments. The addition of HA to CMF 
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•3 



% change in 
body weight 
mean ± SEM 


100.1 ± 0.61 


108.7 ± 0.62 


102.5 ± 0.38 


84.5 ± 1.37 


106 ± 0.51 


100.9 ± 
0.56 


Number of 
animals 
completing 
treatment 


CO 
CO 


CO 
CO 


CO 

oo 


CO 
Tl< 


CO 

oo 


CO 
\ 

CD 


Survival 
time (Days) 
mean ± SEM 


42+0 


42+0 


42+0 


00 

vo 
o 

+1 

X* 
o 


42+0 


42+0 


Change in 

primary 

tumour 

volume {% of 
original 
tumour 
volume) 
mean ± SEM 


494.7+101.6 


30.2+26.5 


238.0+77.6 


-46.2+12.0 ' 


55.6+26.6 


66. 1+30.0 


% o£ lymph 
node 
involved 
per animal 
mean ± SEM 


I 94.2 ± 2.8 


N/A 


18 ± 4.1 


N/A 


< 


N/A 


Number 
of new 
tumours 




N/A 


O 


< 


•< 


<" 

53 


% of 
animals 
with lymph 
node 

metastasis 


CD 
O 

«-c 


N/A 


o 
o 


< 


< 


N/A 


TDT Mean + 
SEM 


9.4 ± 1.1 


29.3 ± 6.2 


27.7 ± 
5.2 


37.6 ± 4.4 1 


21.8 + 5.8 


•30.7 ± 
4.9 


Treatment 
Group 


1. Saline 


2. CMF/HA 


Si CN 
m Q 


4. CMF 
Dl,2 


5. HA 
followed 
by CMF 


vo a 
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resulted in significantly larger (t-test, p=0.001) primary 
tumours . 

The following conclusions can be drawn from this 

study: 

5 i) . The long-term administration (6 -month) of HA/CMF 

adjuvant therapy does not demonstrate an increase in 
therapeutic efficacy or a reduction in treatment side- 
effects. 

2) # A short-term administration (6-week) 

10 administration of HA/CMF adjuvant therapy demonstrates 
numerous advantages over the administration of CMF as a 
sole treatment . 

3) . Significant weight gain. 

4) . 50% increase in number of animals completing 
15 treatment 

5) . Abolition of side-effects such as fatigue, 
conjunctivitis, loss of appetite 

6) . Mice receiving HA did not exhibit any signs of 
toxicity. 

20 

Ex?Tnple 13 NMR Investigations Of The Nature Of The 

Interaction Of Chemotlierapeutic Drugs And HA 

To further investigate the nature of the 
interaction between HA and chemo therapeutic drugs X H 

25 Nuclear Magnetic Resonance (NMR) spectroscopy was used. 

Deuterium oxide ( 2 H 2 0 (99.96%)) was obtained from Cambridge 
Isotope Laboratories. MTX was obtained from Faulding 
Pharmaceuticals and 5-FU and HA stock solutions were 
prepared as described previously. 

30 Spectra were recorded at 298 K on a Bruker DRX 

spectrometer operating at 600 MHz with a shielded gradient 
unit. The 2D experiments were recorded in phase-sensitive 
mode using time-proportional phase incrementation for 
quadrature detection in the ti dimension (Marion & 

35 Wuthrich, 1983) . The 2D experiments included TOCSY 

sequence using a ML.EV-17 spin lock sequence (Bax & Davis, 
1985) with a mixing time of 120 ms ; NOESY (Kumar et al . , 
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1980) with mixing times of 250 and 400 ms and ROESY 
spectrum with a mixing time of 250 ms . Temperature 
calibration of the probe was achieved by comparison to 
ethylene glycol chemical shifts. All chemical shifts (p pm) 
5 were referenced to the methyl resonance of 4, 4 -dimethyl -4- 
silapentahe-l-sulfonate (DSS, 0 ppm) . 

Solvent suppression of the water signal for 
NOESY, ROESY and TOCSY experiments was achieved using a 
modified WATERGATE sequence (Piotto et al . , 1 992 ) in which 
10 two gradient pulses of 1 ms was applied on either side of a 
binomial 3-9-L9 pulse. Spectra was routinely acquired over 
, 6024 Hz with 4096 complex data points in F 2 and 512 

increments in the Fl dimension, with 32 scans per increment 
for the TOCSY experiments and 80 scans for the NOESY. 
15 Slowly exchanging NH protons were detected by acquiring a 
series of one -dimensional (ID) spectra acquired over 16K 
data points and with 32 scans. 

NMR diffusion experiments were acquired on a 
Bruker AMX spectrometer equipped with a gradient control 
unit operating at 500 MHz. All experiments were acquired 
with 16 or 64 scans at 298 K over 16K of data points and 
7575 Hz. A gradient strength of 15.44 G/cm was employed 
for the diffusion experiments. Each diffusion experiment 
was obtained from a series of 12 PFGLED spectra in which 
the delays (x=20 ms, A=50 ms, T=30 ms and T e = 14 ms) and 
^where the magnitude of G was held constant but the length 
r,» of the field gradient pulse (8) was incremented in 1 ms 
steps from 0.2 ms to 12.2 ms in the final spectrum. 

All spectra were processed on a Silicon Graphics 
Indigo workstation using Xwinnmr (Bruker) software. For 
the 2D experiments the t x dimension was zero-filled to 2048 
real data points, and 90° phase-shifted sine-bell window 
functions were applied prior to Fourier transformation. 

The NMR experiments were designed to monitor the 
changes in the X H NMR spectrum of MTX on addition of HA. 
By monitoring specific changes in the spectrum of the drug 
MTX, such as the broadening or movement of peaks it is 
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possible to see which regions of the drug molecule, if any, 
interact with HA. Figure 24 shows the *H NMR spectrum of 
the MTX dissolved in H 2 0. This spectrum readily identifies 
each group of hydrogens in the methotrexate* 

5 

Methotrexate 

Methotrexate has a number of functional groups 
that could potentially interact with the hyaluronan 
molecule. The primary amine moieties on the 2,4-amino- 
10 pteridine aromatic ring of MTX could form an ionic 

association with the carboxyl groups on the hyaluronan 
molecule. Hydrogen bonding interactions between amine 
groups on methotrexate and the hydroxyl group on the 
carbohydrate rings of hyaluronan are another possibility. 
15 Hydrophobic interactions are also possible between the 

hydrophobic aromatic rings of MTX and hydrophobic patches 
on the folded hyaluronan polymer. These interactions are 
illustrated in Figure 25. 

To address the question of whether there was a 
20 specific interaction between the methotrexate and HA NMR - 
experiments were designed to monitor the ^changes in the X H 
NMR spectrum of MTX on addition of HA. Figure 26 shows the 
600 MHz spectrum of hyaluronic acid at 600 MHz and 298 K. 

Figure 27 shows the 600 MHz *H NMR spectrum of 
25 MTX alone and MTX with increasing additions of HA (50 kDa) 
of 2 nmoles, 10 nmoles, 20 nmoles and 80 nmoles at- 298 K. 
These spectra show that there is no change in the chemical 
shift position of any of the peaks in methotrexate. 
Additional peaks appearing the spectrum as successive 
3 0 amounts of HA is added are entirely consistent with 

resonances due to hyaluronic acid. Since there is no 
change in the chemical shift position of any of the 
resonances of MTX in these spectra it appears that there is 
no specific region of the MTX molecule that is interacting 
3 5 with the HA molecule. 

One way of determining if there is a strong 
interaction between the NH groups on the MTX and the acid 
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groups on the HA is to measure the exchange rate of the nh 
protons. These hydrogens are labile and able to exchange 
rapidly with the bulk solvent. If however, they are 
involved in a strong interaction with the HA molecule then 
they would be protected from the bulk solvent and their 
exchange rate would be decreased. In this experiment the 
amine hydrogens of MTX exchange with the deuterium from the 
D 2 0 and the rate of exchange should provide an qualitative 
estimate of the strength of the interaction between the MTX 
and HA. *h NMR analysis of a solution prepared by addition 
of deuterium oxide to a solution of MTX and HA dissolved in 
0.5% w/v Na 2 C0 3 (pH 9) showed that within 4 minutes all 
amine hydrogens of MTX had exchanged with the deuterium in 
the sample. This result suggests that the amine hydrogens 
in MTX are not protected from exchange with the bulk 
solvent . 

The reason that the amine hydrogen peaks 
disappear from the *h NMR spectrum is because deuterium has 
a very different resonance frequency than hydrogen and 
therefore doesn't appear in X H NMR spectra. Analogous 
experiments are routinely used to test whether the. backbone 
amide hydrogens in polypeptide and proteins are protected 
from solvent. When amide hydrogens of proteins are 
involved in the hydrogen bonding arrangements that 
stabilize cc-helix and p-sheet secondary structure the 
exchange rate of these hydrogens is often decreased 
dramatically. m some cases the hydrogen signals involved 
in these interaction can persist for hours days or even 
months depending on the strength of the interaction and 
it's protection from bulk solvent (for instance in a 
hydrophobic core of a protein) . 

Diffusion experiments were performed MTX alone 
and in the presence of the HA. These experiments could 
indicate whether the diffusion of the entrapped MTX is 
35 retarded by the presence of the HA framework. The results 
of duplicate X H NMR diffusion experiments indicated that 
for the vast majority of MTX molecules there was no 
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retardation of the rate of MTX diffusion since there was 
negligible difference between the diffusion coefficients of 
MTX and MTX in the presence of HA. This finding could 
suggest that in the HA framework there are large solvent 
5 cavities between the HA molecules that allows the drug to 
diffuse freely in this medium. 

The diffusion experiments suggested that the bulk 
of the MTX molecules are free diffuse throughout the HA 
framework. This scenario does not take into consideration 
10 if a small proportion (say 5% of MTX molecules) are 

interacting weakly in a non-specific manner to ' the HA 
molecules . 

From the previous experiments it is clear that 
MTX does not interact strongly with HA and the interaction, 

15 if any, is not specific. One way to test weakly binding 
ligands (10~ 3 -10~ 7 M) for non-specific binding is to run 
transferred NOESY experiments. In these 2D experiments 
cros speaks will appear if the ligand binds weakly to the 
macromolecule HA. A transferred NOESY spectrum of MTX/HA 

20 showed no crosspeaks due to binding of the MTX to HA which 
suggests negligible interaction between MTX and HA. 

As a further check of whether a small proportion 
(say 5% of MTX molecules) are interacting weakly in a non- 
specific manner to the HA molecules. The peaks in a ROESY 

25 spectrum should show whether there is even a small 

proportion of MTX molecules in chemical exchange between 
free and bound states to the HA. A 250 ms ROESY spectrum 
did not show any chemical exchange peaks which suggests 
that not even a small percentage of the MTX interacts with 

30 the HA. 



5 -FIiUOROURACIIi 

Figure 28 shows the 600 MHz X H NMR spectra of 5- 
FU and 5-FU (1.25 mg/mL, 1.6 mg/mL and 6.4 mg/mL) with HA 
35 (750 kDa, 3 mg/mL) between 70.0 and 8.5 ppm, at 298 K. 

Initial experiments to investigate whether there was an 
interaction were performed with 50 kDa hyaluronic acid. 1 
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interaction was observed between the 5-FU and HA (data not 
shown) . To investigate whether an interaction was 
dependent on the molecular weight of HA used further 
titration experiments were performed with 750 kDa 
5 hyaluronan. The concentrations of 5-FU utilized are 

equivalent to the HA/5-FU adjuvant therapy Kings College 
London formulation studies which were conducted in 
preparation for the Swedish clinical trials. These 
concentrations were designed to simulate the concentrations 
used in mixing of HA/5-FU, in the infusion bag and also the 
HA/5-FU concentration estimated in plasma. Unfortunately, 
' the amine resonances of 5-f luorouracil exchange rapidly 
... with the bulk solvent water at the pH (8.8 to 9.1) of these 
formulations and therefore these resonances are not visible 
15 in the spectrum of the 5-FU. Only one resonance of CH is 
visible in the spectrum of 5-FU. Lowering of the pH of 
these solutions is not feasible since the 5-FU will 
precipitate out of solution at lower pH values. These 
spectra show that there is no change in the chemical shift 
position of the CH peak of 5-FU. These spectra indicate 
that the 5-FU does not appear to be interacting with the HA 
molecule . 

Diffusion experiments were performed 5-FU alone 
and in the presence of the HA. The results of duplicate hi 
25 NMR diffusion experiments shown in Table 13 indicate that 
5-FU diffusion is not retarded by the presence of 
hyaluronan because there is negligible difference between 
the diffusion coefficients of 5-FU alone and 5-FU in the 
presence of HA. 
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Table 4: NMR Diffusion Coefficients 



sample 


HA stock 
(750 kDa, 
lOmg/mL) 


(20 mg/mli 


Diffusion coefficient 
m 2 /s 


4 




62.5 \IL 


9.245 x 10- 10 /8.900 x 10" 10 


1 


300 JiL 


62 . 5 \\h 


8.701 x 10- 10 /9 .030 x 10" 10 


5 




80 |IL 


9.141 x 10" 10 /9.204 x 10" 10 


2 


300 flL 


80 liL 


8.948 x 10- 10 /9.021 x 10" 10 


6 




320 JIL 


9.004 x 10- 10 /8.997 x 10" 10 


3 


300 pi 


320 p,L 


8.851 x 10- 10 /8.833 x 10" 10 



5 



3 :;'.t 
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2D experiments, NOESY and ROESY: 2D experiments on 5- Fu 
are not possible since only one resonance is visible in its 
H NMR spectrum. 

NMR analysis of MTX and 5-FU in the presence of 
5 hyaluronan has using titration experiments, deuterium 

exchange experiments, diffusion experiments and transferred 
NOESY experiments for MTX, and titration experiments and 
diffusion experiments for 5-FU have shown that no 
interaction could be detected between the chemo therapeutic 
10 drugs and hyaluronan. These results suggest that 

entrapment of the chemo therapeutic drugs by the hyaluronan 
network is sufficient to increase the amount of drug 
delivered to the pathological site. These results are in 
total agreement with previous studies using gel filtration 
15 chromatography, equilibrium dialysis and CD spectroscopy of 
the molecular interaction between hyaluronan and MTX and 5- 
FU which also did not detect an interaction. 
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